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Characterisation of Lanthanum Manganite nanoparticles
doped with Silver for use in hyperthermic treatment.
Matt Holton Westlake
A Thesis for Doctor of Philosophy (Physics)
School of Physics
University of Wollongong

ABSTRACT
The aim of this research project was to demonstrate the viability of Silver doped Lanthanum Manganite nanoparticles as a hyperthermic treatment agent for cancer cells.
To achieve this, an in-depth characterisation was completed which included neutron
diffraction and, for the first time, inelastic neutron scattering on nano scale Silver
doped Lanthanum Manganite. In addition to this, incorporated are some of the earliest results using TAIPAN’s new Beryllium filter. The introduction section highlights
the need for an investigation into the magnetic properties of Silver doped Lanthanum
Manganite (La(1−x) Agx MnO3 ) and undoped Lanthanum Manganite (LaMnO3 ). Chapter two contains some useful physics that will be used in other parts of the thesis. In
chapter two, a brief explanation of the physics behind all of instruments used throughout the research project is also given and in chapter three the methods used for each
characterisation and why they were chosen is explained. Results and discussion of
each result are presented in a chronological order to show more clearly the story of
this project in chapters four and five. Through two synthesis methods 70 nm LaMnO3
and Silver doped La(1−x) Agx MnO3 particles where produced. Both the undoped and
doped particles were observed to be in the Oxygen rich rhombohedral phase having
undergone the Jahn-Teller distortion during synthesis. It was also observed that doping the LaMnO3 nanoparticles with Silver caused the Curie temperature to increase.

A characteristic that is very useful if LaMnO3 is to become a treatment agent for
hyperthermic treatment of cancer cells. This is because controlling the Curie temperature in turn means controlling the temperature that the nanoparticles will heat up
to. Chapter four furthers the work previously undertaken with Lanthanum Manganite
and a comparison is drawn between the bulk and nano scale materials in an attempt
to show the holes in research completed to date.
Further results (including XRD, SEM, TEM, EDS, PPMS, XPS, neutron diffraction
and neutron inelastic scattering), while being very thorough in characterising the material still leave some large questions to be answered, The aim of this research project, to
better understand the magnetic properties of LaMnO3 , however was completed.

KEYWORDS: Nanoparticles, Magnetic Nanoparticles, Neutron Scattering,
Hypothermia Treatment
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Chapter 1
Introduction
In the 2014 global cancer report it was stated that cancer incidence increased from 12.7
million to 14.1 million between 2008 and 2012 and it can be expected that this trend
will only continue [10]. With this in mind, research groups around the world are all
trying to improve cancer prevention, detection and treatment. One of the more modern research topics is the implementation of magnetic nanoparticles. Research in the
use of magnetic nanoparticles for biomedical applications such as contrast agents for
Magnetic Resonance Imaging (MRI) [11], Drug delivery [12] and hyperthermic treatment of cancer cells [13] has been ongoing for decades [14]. This is due to the relatively
low production costs of the materials and non-invasive nature of the treatment. Lanthanum Manganite (LaMnO3 ), previously investigated for its catalytic activity, [15]
has recently become a nanoparticle of interest in this area of research due to the
ability to control its Curie temperature (TC ) when doping it with Silver [8]. This
characteristic makes it a viable candidate for use in hyperthermic treatment of cancer
cells as it has been shown that magnetic nanoparticles, when exposed to a RF (Radio
Frequency) field, will heat up due to the core loss and transfer of magnetic energy
into heat. [16, 17] Thus, by shifting Tc to 46◦ C it is possible to kill cancer cells with16

out damaging healthy cells around them. It has also been shown that conventional
medicines are more effective on cancer cells above 42◦ C [18]. The aim of this work is
to summarise the advancements in production, characterisation and implementation of
both Lanthanum Manganite (LaMnO3 ) and Lanthanum Manganite doped with Silver
(La1−x Agx MnO3 ).
Lanthanum Manganite is a rare-earth based perovskite type crystalline material that
fits the general formula of ABO3 and is the only perovskite structure compound that
exhibits substantial excess Oxygen. This is due to the Mn-ions changing from
4+

3+

to

on specific octahedral sites and thus is often written as LaMnO3+δ when this is

the case [19]. When this excess of Oxygen is present (usually due to the synthesis
method used to produce the material) the crystalline structure is seen to have some
deformation as the cubic lattice becomes a rhombohedral lattice. A comparison of the
two structures is shown in figure 1.1.

17

Figure 1.1: Shekhtman et.al’s [1] diagram showing the lattice changes which occur in
the [100] [001] plane when the shift between cubic and rhombohedral structure occurs.
Here, atoms are represented by black circles and their original position by white circles.
Each atom has been assigned a letter and the original positions given a I to indicate
this. α and αI represent the new and original angles in this plane.

Work has been done to highlight and characterise this phase change however this will
be further discussed in later sections. The Oxygen rich phase of the material has a
strong ferromagnetic phase present at temperatures below 170K, instead of the antiferromagnetic phase present in the stoichiometric phase. In its intended use as a magnetic
hyperthermic treatment of cancer, the ferromagnetic phase is more desirable [6] and
will be shown later that the focus was directed thusly. The doping of Silver into the
Lanthanum Manganite nanoparticles is known to increase the Curie temperature of
the nanoparticles [8]. This characteristic makes Silver doped Lanthanum Manganite
nanoparticles a very interesting prospect for hyperthermic treatment of cancer.

The mechanism which drives this change in Curie temperature is yet to be explained.
18

Through various characterisation techniques, including neutron scattering, this research project aims to investigate the magnetic properties of different Silver doped
nanoparticles to ascertain the magnetic properties of each for use in cancer treatment.

Hyperthermic treatment of cancer cells is a promising prospect in cancer treatment,
not only because it has little to no side effects, but it can easily be implemented in
conjunction with more conventional treatments such as radiation or drug therapy. In
fact, in theory, the same nanoparticles used to amplify radiation treatment or deliver
the drug [16, 20, 21] could be used as the hyperthermic agent.

One of the most important characteristics required of a nanoparticle for it to be used
in hyperthermic treatment is its Specific Absorption Rate (SAR). SAR is the loss of
power, (thermal energy dissipated into the environment) measured in Watts per gram
when the nanoparticle is exposed to an AC magnetic field. To observe this characteristic, AC magnetic field dependent measurements can then be conducted by measuring
the area of the hysteresis produced (A) (this area is the irreversible work done that has
become the power loss) and multiplying it by the frequency of the sweeping magnetic
field (f) (i.e SAR= Af) [22]. It has been shown that the SAR required to maintain
approximately 98% of a 40 mm tumor above 42◦ C is between 12 and 83 Wkg−1 [23]
This information gives the researcher an idea of the amount of energy the particles
will produce in hyperthermic treatment and the frequencies at which the AC magnetic
field may need to be applied. Thus, the cell uptake and targeting efficiency of the
nanoparticles are all properties that should be known before their implementation as
hyperthermic agents.

Whilst technically, research into hyperthermic treatment had been ongoing, real devel19

opment began in the late 1950’s and early 1960’s [24] with Gilchrist et al. using a few
micro-meter sized particles in the inductive heating of lymph nodes in dogs [25, 26].
Key events continued from the 1960’s onward. Over 20 years later, Gorden et al. [25,27]
used a magnetic fluid for hyperthermic treatment after systemic applications, while
in 1981 Rand et al. [28] used micro-scaled ferromagnetic particles to treat renal carcinomas in rabbits. In 1997 Thiesnen et.al [25] used direct injection of Magnetite
nanoparticles into tumours and Hilger et al. [29] injected colloidal suspensions of coated
nanoparticles into human carcinomas implanted into mice describing ”magnetic thermal ablation” as a result. Work in this field is ongoing and a few key articles focused
on nanoparticles and development of treatment will be noted here.

At this point, little to no work has yet been conducted to confirm whether Lanthanum
Manganite nanoparticles are viable candidates for hyperthermic treatment as most research groups have focused on Iron Oxide compounds. However, very comprehensive
studies have shown the effectiveness of other nanoparticles in this type of treatment.

Magnetite hollow spheres are an interesting candidate for hyperthermic treatment.
They have been shown to change their magnetic saturation temperature with size, (an
easily controlled characteristic) [22,30,31] with groups such as Goswami et.al going so
far as to begin cell toxicity [22] of the particles they have produced. These tests showed
toxicity in cancer cells at a much lower dose than required in normal cells. This characteristic alone makes Magnetite hollow spheres a great candidate for cancer treatment,
but this coupled with their potential for use in hyperthermic treatment is very exciting.

Dey et al. demonstrated two qualities of cobalt ferrite nanoparticles and their suitability for hyperthermic treatment. Not only are the nanoparticles having only a 1
20

W/g power loss (SAR) from an AC magnetic field, but they were also successful in
showing an increase in drug release when increasing the temperature up to 44◦ C, the
desired temperature of hyperthermic treatment [16]. This shows just how powerful
magnetic nanoparticles could be in the treatment of cancer cells, as in this case the
cancer can be treated two ways at once with the same nanoparticle. Similarly, Li et
al. [32] have completed in vitro and in vivo hyperthermic treatment in conjunction
with chemotherapy with Magnetite nano-crystals. In vitro results showed significant
toxicity increase to cancer cells when undergoing hyperthermic treatment compared to
samples that contained the nanoparticles but did not undergo the hyperthermic treatment. The results of in vivo experiments however, showed that while hyperthermic
treatment worked well on smaller tumours, the remission in larger tumours was more
likely due to the contribution of localised chemotherapy after the initial hyperthermic
attack [32]. Similarly, Jaidev et al. was able to constantly show in vivo tumour regression with combined hypothermia treatments [33]. The work of both Li et al. and Dey
et al. show how much progress has been made in the use of magnetic nanoparticles
for hyperthermic treatment in recent years. It is hoped that Silver doped Lanthanum
Manganite will be comparable to these Iron Oxide compounds.

Groups such as Nomura et al. [34] and Jorden et al. [35] have begun development
of high frequency magnets for magnetic hyperthermic applications. These groups are
focusing on increasing the magnetic field (Nomura et. al achieved a 0.06 Tesla Field at
the heating point with 200 kHz of the operating frequency [34]) as well as producing
a safe and viable instrument for human use. It should be noted that, as promising
a hyperthermic treatment as it is, it is still in the developmental stage and a lot of
research is focused on improving the method and output of the system. For example,
groups such as Mamiya et.al and Petra-Kok et al. [36, 37] are working on avoiding hot
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spots in non-cancer tissue caused by anomalies such as eddy currents. These groups
however, are making great strides in their research and all stand by the statement that
hyperthermic treatment will become a great resource for future cancer treatment.
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Chapter 2
Physics and Techniques
This chapter contains a brief explanation of some physical principles which are frequently referred to in the rest of the thesis.

2.1 Crystalline Structures and Scattering from Crystalline Structures
The structure of a crystalline material explains the positions of the atoms within the
material. As crystalline structures are repeating, if the positions of the atoms can be
defined for a structure, the rest of the material can be assumed to be the same. It will
be seen in later sections that calculating the lattice parameters from diffraction data
can provide useful information about the sample. In the case of X-Ray Diffraction, to
determine the scattering intensity, the charge concentration in the unit cell is needed.
This single structure that will repeat is called the unit cell and the axes of this cell
are given by the lattice parameters a, b and c [38]. Using these three vectors and the
angles ( α, β and γ) in between them, a crystalline structure can be defined. Examples
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of these space groups include Cubic (a = b = c, α = β = γ = 90), Orthorhombic
(a 6= b 6= c, α = β = γ or γ 6= 90), Monoclinic (a = b 6= c, α = γ and β 6=
90) (LaMnO3+δ has a rhombohedral unit cell) and Triclinic (a 6= b 6= c, α 6= β 6=
γ). When these unit cells repeat to form a crystal, the way in which this repetition
occurs is specified by the Bravais lattice. In other words the Bravais lattice does not
define where the atoms are placed, it only summarises the geometry of the underlying
periodic structure [39]. More often than not, a crystalline material is classified by its
Bravais lattice and thus there is a need for the classification of Bravais lattices. This
classification is performed via the specification of all rigid operations, (operations that
preserve the distance between all lattice points) this set of operations is called the
space group of the Bravais lattice. A subset of the space group is the symmetry of
the system. This is described as how many axes pass through a lattice point, around
which the lattice can rotate and carry the lattice into itself. The maximum number of
symmetrical rotation axes a crystalline structure can have is 6 (this is found in cubic
structures) [38].
So far, all of the characteristics of crystalline structures described herein, have been in
real space. Real space includes the crystalline planes and parameters and thus is what
is observed in x-ray diffraction of a crystalline material. Continuing on however, the
reciprocal space will be used. Reciprocal space is the Fourier Transform of the real
space. It is very useful to work in the reciprocal space for scattering (both neutron
and x-ray) experiments as the momentum difference between incoming and scattered
particles is a reciprocal lattice vector. Now, to define these vectors, it is best to
consider the electron number density. It can be shown (see Introduction to Solid State
Physics [38]) that the electron number density n(r) is given by equation 2.1.

n(r) =

X
G

24

nG eiG.r

(2.1)

where r is a periodic distance between elements, nG is a coefficient determining the
x-ray scattering amplitude and G is a set of vectors in reciprocal space. These vectors
in reciprocal space can be easily defined from the unit vectors. The reciprocal lattice
is determined by b1 , b2 and b3 where:

b1 = 2π

b×c
a·b×c

(2.2)

b2 = 2π

c×a
a·b×c

(2.3)

b3 = 2π

a×b
a·b×c

(2.4)

and G is given by:
G = v1 b1 + v2 b2 + v3 b3

(2.5)

where v 1 , v 2 and v 3 are integers. Defining the reciprocal space of a crystalline structure
can be used to calculate electron number density. The reciprocal lattice vectors can also
be used to make their own unit cell known as the Brillouin zone. This is another useful
term because often in scattering experiments and, in particular scattering simulations,
the Brillouin zone is the defining parameter for scattering interactions.
It is also observed that this G determines the diffraction conditions. It can be shown
for the incident and final wave vectors k and k’ a scattering vector exists ∆k such
that:
k + ∆k = k0
where k =

2π
.
λ

(2.6)

It can be shown that when ∆k = G [38] non-negligible scattering

amplitudes (the amplitude of the electric or magnetic field vectors in the scattered
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electromagnetic wave) will occur and equation 2.6 can be written as:

k + G = k0

(2.7)

or, in other words, during x-ray diffraction or neutron scattering if ∆k = G scattering
can be observed. If only elastic scattering is considered, the magnitude of the incident
wave will be equal to the magnitude of the final wave i.e k2 =k’2 . Thus from equation
2.7 (k+G)2 = k2 or

2k · G + G2 = 0

(2.8)

If G is a reciprocal lattice vector so is - G [38] so equation 2.8 can be written as:

2k · G = G2

(2.9)

If the spacing d(hkl) between parallel planes that are normal to G i.e d(hkl) =

2π
,
|G|

is

considered it can be shown [38] that equation 2.8 becomes

2(

2π
2π
)sinθ =
λ
d(hkl)

(2.10)

or 2d(hkl)sinθ = λ where θ is the angle between the incident beam and the crystal
plane. The integers hkl may contain a common factor, thus d is defined as the spacing
between adjacent parallel planes with indices

h k
,
n n

and

l
n

[38]. Thus equation 2.11

becomes

2dsinθ = nλ
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(2.11)

This is known as Bragg Law.

2.2 Janh-Teller Distortion
The Janh-Teller Distortion in LaMnO3 will be shown to play a large role in the characteristics of the material and thus an explanation of its origin will be presented here.
A Jahn-Teller Distortion generally occurs in a crystalline material with a degenerate
electronic state (electrons are in a state that corresponds to two or more states of a
quantum system, in other words not in the ground state). The degeneracy causes the
symmetric configuration of atoms to become unstable and in turn causes a phase transition to a structure of lower symmetry [40, 41]. The degeneracy can be caused by an
increase of energy in the system (temperature increase) or, in the case of the material
produced in this project, excess Oxygen being present in the sample. Either way, a
shift from Mn3+ to Mn4+ is seen in a portion of the Mn ions causing stress on the crystalline structure. The phase transition is the result of this stress. A full explanation
and derivation can be found in an article produced by Gehring and Gehring [41].

2.3 Density of States
The Density of States (DOS) is defined as the number of modes (in the case of this
research project, phonon modes) per unit energy range, [38] or in other words the
number of phonons that can be occupied per a certain energy.
Through the use of periodic boundary conditions, the Density of States D(ω) for N3
unit cells along a wave vector K [38] can be calculated. Applying said boundary
conditions over N3 primitive cells within a cube of side L, so that K is determined by
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the condition:

ei(Kx x+Ky y+Kz Z) = ei(Kx (x+L)+Ky (y+L)+Kz (Z+L))

(2.12)

when
Kx , Ky , Kz = 0 : ±

2π 4π
Nπ
; ± ; ...;
L
L
L

2π 3
L

therefore, there is one allowed value of K per volume


Number of allowed values of K =

L
2π

(2.13)

in K space, or

3
=

V
8π 3

(2.14)

allowed values of K per unit volume of K space, for each polarization and for each
branch. The volume of the specimen is V = L3 . The total number of modes with

L 3
wavevector less than K is seen to be 2π
times the volume of a sphere of radius K.
Giving:


N=

L
2π

3

4πK 3
3

(2.15)

for each polarization type. If one is to differentiate this term by ω and substituting
L3 with V, the density of states for each polarization is given as

D(ω) =

dN
V K2 dK
=
dω
2π 2 dω

(2.16)

where V is the volume and ω is the frequency (or energy) of a phonon. A high DOS
will indicate that there are many states available to be populated [38].
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2.4 Spin-Phonon Interaction
Before defining Spin-Phonon interactions, it is best to first define both Spin and
Phonons. Spin was first confirmed experimentally by Stern and Gerlach in 1922 using
silver (Ag) atoms. However at this point of time the results where confusing and it
was not until 1925 when Goudsmit and Uhlenback postulated that in addition to its
orbital angular momentum, the electron possesses an intrinsic angular momentum,
i.e. a Spin [42]. The Spin of a particle defines the privileged axis of rotation. It is
analogous to the magnetic axes of the Earth or the Sun [43].A classical derivation of
−
u S ) is quite erroneous, since the electron cannot
the spin magnetic dipole moment (→
be viewed as a spinning sphere. In fact it turns out that the electron’s spin magnetic
moment is twice its classical expression. It can however be postulated by analogy to
the orbital magnetic dipole moment giving:

→
−
u S = −gS

−
e →
S
2me c

(2.17)

where gS is the gyromagnetic ratio of the electron, e is the charge of the electron, me
→
−
is the mass of the electron, c is the speed of light and S is the spin angular momenta.
In nature it turns out that every fundamental particle has a specific spin. Particles such
as pi mesons and photons and integer spins s = 0,1,2,... and other such as electrons,
protons, deltas and neutrons have half-odd-integer spins s = 12 , 32 , 25 ,... It should also be
→
−
→
− →
−
noted that in the presence of spin, the total angular momentum ( J = L + S ) may
not be conserved [43].
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Figure 2.1: An illustraion of the spin of electrons

A Phonon is vibrational motion in a lattice of atoms oscillating at a single frequency.
They can be classed into two categories, optical (where adjacent atoms move in opposite directions) and acoustic (where adjacent atoms move in the same direction). The
energy of an elastic mode of angular frequency ω is given by.

1
 = (n + )~ω
2

(2.18)

When the mode is excited to a quantum number n; i.e., when the mode is occupied
by n phonons. The term 12 ~ω is the zero point energy of the mode. If we consider the
standing wave mode of amplitude in one dimension.

u = u0 cos(Kx)cos(ωt)

(2.19)

It is possible to quantize the mean square phonon amplitude. Where u is the displacement of a volume element from its equilibrium position at x in the crystal. Similar
to any harmonic oscillator the energy is half kinetic energy and half potential energy
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when averaged over time. Thus, the kinetic energy (EK ) density is given by

1
Ek = ρ
2



∂u
∂t

2
(2.20)

where ρ is the mass density. Applying this to a crystal of volume V and taking the
time average, the volume integral of the kinetic energy is

Z

1
1
1
(Ek )dV = ρV ω 2 u20 = (n + )~ω
8
2
2

(2.21)

Solving for u20 gives the square of the amplitude of the mode

1 ~
u20 = 4(n + )
2 ρV ω

(2.22)

This relates the displacement in a given mode to the phonon occupancy n of the mode.
Furthermore it is intersting to note that ω is squared in the equations of motion for
phonons, thus always resulting in a positive Amplitude. If ω 2 is negative the crystal
structure is unstable and ω is imaginary [38].
A Spin-Phonon interaction, in general terms, induces an electron spin to change to a
different energy state (this may be direction of spin, angle of spin or speed of spin) due
to a phonon being created such that it conserves energy [44]. The opposite can also
occur, where a phonon is created by an external source (often thermal) that allows a
electron spin to change to a spin state of lower energy.
If we consider a system is a prepared spin state |-S> (where Sz |-S> = -S|-S>) in
an external negative magnetic field parallel to the z direction. When t = 0 the
field is reversed, and the system undergoes a transition to a different spin state |m>
(where Sz |m> = m|m>). The transition is possible if a phonon of wave vector q
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is created, with an energy allowing for energy conservation. This is given by equation2.23 [44]

Em + ~ωk = E−S

(2.23)

where Em is the eigenvalues of the spin Hamiltonian
Hsp = −ASz2 − 2µB hz Sz − C[S+4 + S−4 ]

(2.24)

where A and C are constants, µB is the Bohr magneton and hz is a magnetic field in
the z direction. This gives Em an expression of
Em ≈ −Am2 − 2µB Hz m

(2.25)

and ωk is the frequency the phonon. Interestingly these derivations are most commonly
found in calculations of tunneling time where it is seen spin-phonon interactions often
influence the tunneling.
Understanding the change of a spin state is important because the change of state
itself can result in significant changes to the magnetism of a system (further explained
in Section 2.5).

2.5 Electro-Magnetic Fields
Magnetic fields are used in various different measurement technics for uses such as
inducing magnetic moments or guiding electron beams. It is often the case that the
way in which a material reacts to a magnetic field will determine how useful it is
for an application. While amber and lodestone where known by the ancient Greeks,
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electrodynamics development as a quantitative subject is more modern. While great
minds such as Cavendish, Coulomb, Maxwell and Hertz made great strides to the understanding of the Electro-Magnetic Fields, a great revolution of the understanding of
basics forces and constituents of matter occurred in the 1960’s. This resulted in the
current module of classical electrodynamics that takes parts from the developments of
those great minds and the more recent developments.

Figure 2.2: Visual representation of magnetic field lines.

The key equations that govern electromagnetic phenomena are the Maxwell equations
(in Si units). These equations form the basis for modern electromagnetism.

∇·D=ρ

(2.26)

∇×H−

∂D
=J
∂t

(2.27)

∇×E+

∂B
=0
∂t

(2.28)
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∇·B=0

(2.29)

where for external sources in vacuum, D = 0 E and B = µ0 H. The first two equations
then become

∇·E=

∇×B−

ρ
0

∂E
= µ0 J
c2 ∂t

(2.30)

(2.31)

It can be shown that from the Maxwell equations the continuity equation for charge
density and current density can also be found,

∂ρ
+∇·J=0
∂t

(2.32)

Furthermore by combining the time derivative of the first equation with the divergence
of the second equation the Lorentz force equation can be found,

F = q(E + v × B)

(2.33)

which gives the force acting on a point charge q in the presence of electromagnetic
fields [45]. These equations form the basis for any solution or description of an electromagnetic field in the classical realm.
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2.6 Magnetic Phases
The Magnetic phase of a material is an important characteristic to understand if the
material is to be used for any application that involves magnetism.

Figure 2.3: Visualisation of the spin arrangement of A) Paramagnetic phase, B) Ferromagnetic phase and C) Antiferromagnetic phase.

There are the three main magnetic phases; Ferromagnetic, Antiferromagnetic and
Paramagnetic. Each of these is determined by the spin arrangement of the material.
The spins of a Ferromagnetic material’s electrons are arranged in a regular manner
(usually depicted parallel of the same magnitude, as shown in figure 2.3) and because
of this it will have a magnetic moment without an applied field. The spins of Antiferromagnetic materials electrons are ordered in an antiparallel arrangement. These
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arrangements can occur in three ways. A-type Antiferromagnetism where the spins are
antiparallel in the plane, C-type where the spins are antiparallel for adjacent planes
and G-type where the spins are antiparallel both in the plane and for adjacent planes.
Materials which are Antiferromagnetic will have zero net magnetic moment at temperatures below the Néel temperature (The Néel temperature is the temperature at
which there is enough energy in the system so that it becomes viable for the spins
to align themselves in a parallel arrangement). The electron spins in a paramagnetic
material have no ordering, (as shown in figure 2.3) thus without an applied magnetic
field it will not have a net magnetic moment. Paramagnetic materials do however
have a positive susceptibility and thus when a magnetic field is applied the spins will
arrange and give the material a net magnetic moment.
It should be noted that whilst there are several subtypes of magnetic phase, (e.g. superparamagnetic, ferrimagnetic) these are not encountered in this thesis and thus no
further elaboration will be provided herein.

2.7 X-Ray Diffraction
X-ray diffraction for crystallography was initially developed by Max von Laue in 1912
[46] and is now a key component in verifying the purity and phase of materials after
synthesis. Whilst von Laue was the first to use X-ray diffraction for crystallography
the physical principle was first put forth by W.L. Bragg. Bragg’s simple but convincing
derivation of Bragg’s law has stood the test of time and was later shown to hold true
when proving diffraction conditions from first principles [38]. The Bragg law is as
follows:
2dsin(θ) = nλ
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(2.34)

where we have considered a parallel crystal lattice with spacing d and incident radiation
with wavelength λ and incident radiation angle θ. We see that constructive interference
will occur when the path difference is an integer number n of wavelengths and the law
will only be satisfied for wavelengths λ ≤ 2d. The sin(θ) dependence shows that only
at particular values of θ, will reflections from periodic parallel planes add up in phase
to give a strong reflecting beam and thus high counts are recorded on a detector. If
this was not the case, the first plane would be reflect perfectly and restrict the incident
radiation to a single plane (this would be particularly problematic for nanoparticles
where plane orientation is random in a sample). Figure 2.4 shows an explanation of
Braggs law and X-ray Diffraction.

Figure 2.4: Visualisation of Bragg’s Law [2]

37

2.8 Scanning Electron Microscopy, Energy - Dispersive X-ray
Spectroscopy and Transmission Electron Microscopy
In 1938, von Ardenne published the first use of scanning electron microscopy but it
was not until 1965 for the first commercially packaged instrument to be offered by
Cambridge Scientific Instruments [47]. Obviously, in between these two events, large
improvements had been made with the instruments but it should be noted that the
images produced by von Ardenne still hold up to today’s standards.
Scanning Electron Microscopy (SEM) is a staple in the characterisation of a broad
range of materials such as semiconductors, magnetic materials, biological materials
and in particular nano and micro sized particles and films [48]. The basic concept of
SEM is recording the signals produced when an electron beam interacts with a specimen’s surface. These signals can include secondary electrons, backscattered electrons,
Auger electrons, characteristic x-rays and photons of various energies. For imaging,
secondary and backscattered electrons are of greatest interest [49]. In a typical experiment, a sample area is selected and irradiated with a finely focused electron beam.
The signal of the secondary or backscattered electrons is then measured, since they
vary with surface topography, as the electron beam is swept across the specimen. If
high resolution is required, it is obtained by confining the second electron emission to
a volume near the beam impact area [48].
Energy - Dispersive X-ray Spectroscopy (EDS), whilst not as accurate as some other
spectroscopy techniques, is very simple to use and due to it often being a common
utility included in most SEM instruments, it is highly available and of low cost to
use. EDS instruments use a solid-state detector to record X-rays emitted from the
sample when the incident beam is applied. The energy of the X-rays will depend on
the atom from which they are emitted, and thus different elements can be detected
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depending on the energy of the X-rays recorded [48]. Comparison of counts can show
the proportion of a specific element with respect to other elements in the sample, this
in turn provides the ability to observe and quantify characteristics such as doping
concentration. It should be noted that the energy required to cause X-ray emission
from some elements can be high and often an accelerating voltage as high as 30kV is
required from the incident beam of electrons. Also, for statistically accurate results a
concentration of at least 200 ppm is required in the dopant element.

Transmission Electron Microscopy (TEM) is similar to SEM in that the sample is
irradiated with an electron beam, although the accelerating voltage can range between 200kV- 3MV, much higher than a standard SEM instrument [50]. The key
difference in TEM is that the signal is recorded after the electron beam has passed
through the sample. From this, an image is produced and the energy loss is then calculated, this is used to produce contrast in the image. This method allows for higher
resolution images at the cost of the 3D appearance that SEM provides. It also requires
the sample to be thin (5-100nm) for the transmission to be allowed.

2.9 X-Ray Photon Spectroscopy (XPS)
Whilst the pioneering experiments into X-ray photon emission began in the 1910’s, it
was not until 1954 that Kai et al. [51] recorded the first high energy resolution XPS
spectrum. Since then XPS has developed into a very powerful characterisation method
that is utilised by most material production and characterisation research groups. Xray Photon Spectroscopy (XPS) utilises the photoelectric process to investigate surface
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(10nm) properties of a material of interest, as shown in equation 2.35.

0
~ω = EW0 + φC + EK

(2.35)

0
EK
= ~ω − EW0 − φC

(2.36)

rearranging gives

where ~ω is the energy of the incident photon, EW0 is the binding energy of a given core
0
level, φC is the work function of the crystal, and EK
is the kinetic energy of the emitted

electron. As the sample is in electrical contact with the spectrometer in a general XPS
set up, there exists a contact potential φcontact and the emitted electron undergoes a
0
slight velocity change so that the measured EK
turns out to be independent of the

sample’s work function (equation 2.37) [52]

0
EK
= ~ω − EW0 − φA

(2.37)

where φA is the work function of the analyser. Thus, using a monochromatic X-ray
beam of known energy and measuring the kinetic energy of the emitted electron, the
binding energy of a given core level can be calculated. Scanning through energies will
then provide information such as chemical composition and elemental ion ratios.

2.10 Vibrating Sample Magnetometer (VSM)
Modern VSM instruments are incredibly accurate with the ability to measure the magnetic moment of a sample down to a strength of 10−6 emu (JT−1 ). S. Foner built the
first VSM during the cold war in the 1950’s [53, 54]. Whilst the first instrument was
made of crude material (paper cups and string taken from the kitchen) and the first
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measurements were somewhat inaccurate, the principle was proven by S. Foner and
has lasted to this day.
VSM is accomplished by oscillating the sample near a detection coil, the changing
magnetic flux will induce a voltage [55]. Equation 2.38 gives the time-dependent induced voltage

Vcoil =

dΩ dz
dΩ
=
dt
dz dt

(2.38)

where Ω is the magnetic flux enclosed by the pickup coil, z is the vertical position of
the sample and t is time. Solving this for a sinusoidally oscillating sample, we see that

Vcoil = 2πf CmAsin(2πf t)

(2.39)

where C is a coupling constant, m is the DC magnetic moment of the sample, A is
the amplitude of oscillation and f is the frequency of oscillation. Thus, measuring the
coefficient of the sinusoidal voltage response from the coil, the moment of the sample
can be calculated. [55] The biggest advantage of a VSM is that it can be easily attached
to a physical properties measurement system (PPMS). PPMSes are relatively cheap
compared to a magnetic property measurement system (MPMS) and do not require
liquid helium for operation. The disadvantage of a PPMS is that the required vibration
frequency can often cause errors in certain materials. An MPMS does not have this
problem and in situations requiring previously mentioned vibration frequencies, would
be a more appropriate instrument to use. In the case of the material used for this
research project, using the VSM option on a PPMS was not problematic at all and
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gave highly accurate results.

2.11 Neutron Diffraction
Neutron Diffraction is an incredibly powerful characterisation technique. Due to possessing a wide energy range (1 eV to greater than 1 MeV) and the neutrons not having
a charge, they will interact with the nuclei of atoms in the structure given the crystalline structure of the material (similar to XRD). Neutrons can also give information
into the magnetic phase of the material because the neutrons have

1
2

spin, giving them

a magnetic moment [43]. The ability to penetrate deeply into materials (in particular Aluminium) means that it is also much more common for neutron diffraction
instruments to have sample environments that can be cooled or heated, giving further
information into the temperature dependence of both the crystalline parameters and
the magnetic phase. This is due to the fact that neutrons, as previously mentioned,
will deeply penetrate Aluminium, thus if a instrument producing the sample environment is made of Aluminium it will not effect the results of the neutron diffraction.
The earliest neutron diffraction experiments began in the 1930’s but it was not until
1945 when the advent of nuclear reactors allowed high neutron fluxes, allowing for the
first ever use of neutron diffraction in structural investigations [56].
The total coherent scattering per a unit cell of any crystal is given by [57]:

E(Φ) =

πNc X
2
κ
4πFhkl
dhkl
hkl
2

(2.40)

where E(Φ) indicates E is measured or calculated in Φ, Φ is the coherent scatter2

ing cross section for an element, Φ = 4πbr and the summation is taken over all
planes (hkl) which are capable of giving Bragg reflections. Nc is the number of
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2
dhkl is the square of the nuclear structure facunit cells per unit volume and Fhkl
P 2πi( hx
+ ky + lz )
tor
br e a0 b0 c0 ke−2W . Where a0 , b0 and c0 are the sides of the unit cell and

the summation is made over the x, y and z atomic positions. br is the coherent scattering amplitude and thus will determine the intensities of Bragg reflections and e−2W
is the Deby-Waller factor. br abides by Bragg’s law and, for wave lengths (λ greater
than twice the largest inter-planar spacing) E(Φ) will equal zero and thus no coherent
scattering will happen. Thus λ comparable to inter-planar spacing are sought after.
To include the scattering of the ferromagnetic phase, the structure factor of the magnetic phase must be included into the coherent scattering equation, such that F2hkl dhkl =
P 2πi( hx + ky + lz )
F2nucl +q2 F2magn where F2nucl was defined previously and F2magn = k pe a0 b0 c0 ke−2W .
Here we have p =

e2 γ
gJf
2mc2

and q 2 = sin2 α where e is the charge of an electron, γ is

a constant, m is the mass of an electron, c is the speed of light, J is the neutron spin
operator, g is the gyromagnetic ratio, f(k) is the magnetic form factor and α is the
angle between the scattering and magnetisation vectors [57].
Another property of materials that will effect the results of neutron experiments is
the magnetic form factor f(k). This is defined as the q-dependence of the scattering
amplitude from a single ion. If the ground state for an ion is known, it is possible to
calculate f(k) using < j0 >(k) and < j2 >(k) [3] where:
2

2

2

j0 = Ae−as + Be−bs + Ce−cs + D

2

2

2

j2 = s2 [Ae−as + Be−bs + Ce−cs + D]

(2.41)

(2.42)

and
s=

sinθ
k
=
4π
λ

43

(2.43)

All constants (A,a,B,b,C,c and D) are ion dependant parameters and have been found
by fitting neutron scattering data. Examples of the plots produced by these equations
are shown in figures 2.5 and 2.6

Figure 2.5: Magnetic form factor of Mn3+ [3].

44

Figure 2.6: Magnetic form factor of Mn4+ [3].

Due to addition to the amplitude of the coherent scattering, it is observed that when
a material transitions into a ferromagnetic phase there will be an increase in Bragg
reflections that correspond to magnetic reflections. This is very useful in determining
the magnetic phase and Curie temperatures of a material if sufficient measurements
are taken over a broad range of temperatures.

2.12 Inelastic Neutron Scattering
Whilst neutron scattering research had started to be a valuable research tool in
1945 [56], inelastic neutron scattering was not yet a proven concept. In 1944, Wienst
calculated the effect of a single isotope without spin but with a non-infinite mass on the
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motion of a neutron. This sparked further research into inelastic neutron scattering
and by 1951 Egelstaff showed a gain of energy from neutrons scattered inelastically
using a lead filter that had a cut off wavelength of 5.7Å [57]. This revealed that
neutrons had interacted with the sample to stop a phonon, thereby transferring the
phonon energy to the neutron.

In simplified terms, Inelastic neutron scattering (INS) occurs when a neutron interacts
with the sample and loses or gains energy. A formula for inelastic neutron scattering
is ki 6= kf (where ki is the incident wave vector and kf is the final wave vector) as
opposed to elastic scattering where ki = kf . This change of energy can be accounted for
by the neutrons interacting with a nuclei that vibrates about an equilibrium position
with an amplitude that is a function of temperature (phonons), or in the case of a
magnetic crystal, atomic spins precess in a coherent manner (spin waves). Depending
on whether the incident neutrons are moving in the same or opposite direction of these
spin waves, they will undergo a Doppler shift to longer or shorter wavelengths, thus
losing or gaining energy from the sample to satisfy conservation of energy [58]. In the
case of an interaction with a phonon, we can express the kinematics of the scattered
neutron beam using the general wave vector section rule (equation2.44)

ki + G = kf ± K

(2.44)

where ki is the incident wave vector and kf is the final wave vector. G is any reciprocal
lattice vector (chosen so that K lies in the first Brillouin zone) and K is the wave vector
of the phonon created or absorbed [38]. If neutrons are to be used to determine the
arrangement of atoms, it is necessary for their wavelength (velocity) to be of the same
order of magnitude of the separation of these atoms. For example, instruments such
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as PELICAN and TAIPAN use wavelengths of 4.75Å and 2.345Å (these are variable)
respectively, so that the magnitude is within range for the investigation of atomic
arrangements [57]. This makes neutrons a fantastic tool for determining dynamics of
crystalline structures.
This research project used two inelastic neutron scattering instruments, PELICAN
(figure 2.7), the time of flight instrument and TAIPAN (figure 2.8), the thermal tripleaxis spectrometer and its Beryllium filter. Time of flight neutron scattering utilises the
energy loss and gain of the incident neutron beams. PELICAN uses a rotating mechanical chopper to pulse the neutron beam, allowing the neutron energies to be measured
by timing their arrival at the detector. By using a large array of detectors, the signal
is increased and a broad spectrum of energies is recorded simultaneously. Utilising the
energy and momentum of neutrons PELICAN can give various types of information
about a sample material’s dynamic and to a lesser extent, structure. PELICAN can
not only show phonon evolution through changes observed in the broadening of Bragg
peaks but due to the magnetic moment of neutrons can observe spin waves. This
coupled with the fact that PELICAN can be fitted with sample chambers that have
temperature ranges from 1.5K to 800K makes it an incredibly powerful instrument
for investigation into the dynamics of materials. It should be noted that due to its
huge detector array, samples do not have to be aligned to a crystalline plane, making
PELICAN perfect for investigating the dynamics of powder samples.
Figure 2.7 shows a cross section of PELICAN, it shows each important component in
the instrument. The Monochromator (A), made of Highly ordered pyrolytic graphite
(HOPG) crystals, fixes the energy (or velocities) of the incoming neutrons as well as
focuses the neutron beam to the sample position. A Sample Shutter (B) is used to stop
the incoming neutron beam for sample change or adjustments and a Beryllium filter
(D) is used to allow only low energy neutrons through. PELICAN utilises two Fermi
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Choppers (C and F) to give the previously mentioned pulsed neutron beam required
for time of flight measurements. A Radial collimator (H) is placed after the sample to
reduce the detecting of scattering due to material outside of the sample region. Spin
polarisation is controlled with a solid-state bender-type super mirror polariser (E)
combined with a gradient radio frequency spin flipper. The 200 3 He PSD detectors (J)
that are placed after the sample in high vacuum can be used for polarisation analysis.
The 3 He PSD detectors are possibly the most important component of PELICAN, this
is evidenced in the fact they are fitted with a high voltage protection system.

Figure 2.7: Diagram of PELICAN [4].Where A: Monochromator, B: Sample shutter,
C: Fermi chopper, D: Be Filter, E: Polariser and Spin flipper, F: Fermi chopper, G:
Sample chamber, H: Radial collimator, I: Isolation valve and J: 3 He PSD detectors
inside detector chamber.

TAIPAN was utilised in two forms. Firstly, the new Beryllium filter (Be-filter) was
attached and secondly the instrument was utilised in its standard triple axis setup.
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Triple axis spectrometers earn their name from having three independent axes of rotation. The first axis rotates the monochromator that selects neutrons of energy, the
second axis contains the sample to be studied which will scatter the beam and the third
axis rotates the analyser of the scattered beam. This set up allows the measuring of
the neutron energy after scattering which most often will be different to the incident
energy provided by the monochromator. This triple axis neutron scattering’s greatest
benefit is that it not only has the ability to observe thermal energy in a system but
also vibrational and magnetic energies, similar to that of neutrons.

Figure 2.8: Diagram of TAIPAN with the Be - filter attached [5]
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The Beryllium filter was specifically built so that powder samples could be more easily investigated on TAIPAN [5, 59]. It shares the same input optics (upstream of the
primary monochromator) giving a monochromatic beam that will scatter off the sample and be analysed by filter spectrometer. This filter consists of bands of isotropic
polycrystalline Bismuth, graphite and Beryllium arranged in arcs around the sample (figure 2.8). With this Beryllium filter attached, very low-energy neutrons are
allowed through to allow the collecting of a vastly increased solid angle of scattered
neutrons from the sample. This set up thus allows for the powder-averaged densities
of the phonon states to be observed. Measurements are conducted by varying the incident neutron energy (ei ) (this is done by varying the scattering angle of the pyrolytic
graphite double-focusing monochromator). The energy transfer (~ω = ei - ef ) can be
calculated after the mean energy (Be-filter has an acceptance range of 1-2meV) of the
scattered neutrons filtered by the spectrometer (ef ) is measured, by adding together
the signals from the thirty 3 He detectors at each incident energy selected.
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Chapter 3
Literature Review

3.1 Synthesis Methods
Several methods have been used to synthesise both doped and undoped LaMnO3
nanoparticles by several different research groups. The motivation behind this was
not only to produce the nanoparticles in an economic fashion but also to maintain
high purity Silver doped Lanthanum Manganite. All methods presented here were
used to obtain the Oxygen rich rhombohedral phase. These methods are only included as this phase is more desirable for this research project (further explained in
section 4.2).

Arguably, the most common method used to synthesise LaMnO3 nanoparticles is the
Citrate method [60]. This synthesis method involves dissolving precursor materials
(usually Manganese Nitrate (Mn(NO3 )2 .4H2 O), Lanthanum Nitrate (La(NO3 )3 .6H2 O)
and, if doping, with Silver Nitrate (AgNO3 )) and heating this up to temperatures
above 70◦ C while stirring. Once the temperature is achieved, citric acid that has been
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previously dissolved in water is added in a 1:1 molar ratio to the precursor solution.
The temperature is then maintained until the solution evaporates down to a gel like
material. This gel is often then dried out in the controlled conditions of an oven [61]
to reduce oxidisation that can cause production of Manganese Oxide. This leaves a
powder that can then be annealed to give a crystalline material. Temperatures above
700K are usually required to produce high crystallinity with several groups [60–62]
often going higher than these temperatures to produce various sizes of nanoparticles
and to ensure crystallinity.

Figure 3.1: Illustration of the citrate method

Variations on this synthesis method have been trialled by groups like Ahmad et al. [61]
where Manganese acetate was used as a precursor, and in addition to citric acid, ethylene glycol was also added during the heating process, presumably in an effort to reduce
the chance of large aggregates forming. Hernandez et al. [63] added a combustion step
to the synthesis. After the solution was evaporated down to a viscous material, it
was then placed in a pre-heated tubular furnace at a temperature of 500◦ C causing
combustion and releasing large amounts of gases after a few seconds. The material
was left inside the tube furnace for 3 minutes until it stopped emitting gasses following
which it was removed and ground down. This method saves large amounts of time as
further annealing does not seem to improve quality or homogeneity.

52

A very similar method of synthesis is the Sol-Gel method. Groups such as Shaterian
et al. [64] have focused their efforts on this method. The preparation is exactly the
same as the citrate method but stearic acid is used and all heating is done in an oven.
This means the times required to finish the process are much longer than the Citrate
method, with drying often requiring up to 12 hours.

Arbuzova et al. [65] showed that it is also possible to produce nanostructure LaMnO3
by a mechano-chemical method. This method entails using La2 O3 and Mn3 O4 as precursor materials. These precursors are placed together in a ceramic container, heated
up to 1573K for 16 hours and intermittently ground together using grinding balls made
of Zirconium Dioxide to avoid external magnetic contamination. Grinding times were
varied to produce particles of varying singularity of phase. The resulting material was
then further annealed under pressure and vacuum. The purity of the samples produced this way depended on the duration of mechanical treatment. Treatment times
longer than 7 hours were observed to produce other phases in the material. It should
be noted that although the particles were nano-crystalline, the particle sizes were in
the micrometer scale, thus some work is still required to make this a viable method of
production of LaMnO3 nanoparticles.

Molten salt synthesis shows promise with groups like Wang et.al [66] using it to make
both spherical and cubic LaMnO3 particles. Mn2 O3 and La(NO3 )3 were used as the
precursors. These were then mixed in a ratio of 1:20 to the molten salts (NaNO3 and
KNO3 ) and ethanol was used as the dispersion agent. This solution was dried at 80◦ C
then the resulting solids were annealed at 550◦ C for 4 and 6 hours to produce spherical and cubic samples respectively. Although this method shows great promise in the
control over the particles shape, it should be noted that the spherical particles were in
53

the micrometer size range. Thus if this method is to be used to produce nanoparticles,
it would be best to aim at producing cubic particles or make attempts to refine the
process and reduce the size of the particles.

Ahmad et al. [61] has shown that reverse micellar synthesis is a viable production
method of nano-crystalline LaMnO3 . Lanthanum Nitrate, Manganese Acetate and
Sodium Hydroxide were dissolved into three separate beakers. Into these beakers the
surfactants (cyclohexane and tergital) and co-surfactant (n-octonal) were added. The
solutions in the beakers were mixed together and then stirred overnight. The solvent
was then evaporated from the liquid at 60◦ C. The resulting brown precipitate was
centrifuged and washed with acetone and finally the material was heated at 500◦ C
for 20 hours then 800◦ C for 20 hours. It should be noted that Ahmad et al. [61] also
used this method to dope Lanthanum Manganite nanoparticles with Strontium and
Calcium. This shows excellent flexibility in this synthesis method and it may be viable
to use it for producing Silver doped Lanthanum Manganite.

One of the most successful and promising methods of production is the spray pyrolysis method, wherein precursors are dissolved in water then sprayed into a tube
furnace which is kept at a high temperature (usually above 800◦ C). The resulting material is then collected and annealed if a high crystallinity is required. Dezanneau et
al. [67] produced nano-crystalline samples using La(NO3 )3 .6H2 O and Mn(NO3 )3 .6H2 O.
Dezanneau et.al [67] was able to produce nanoparticles of varying La/Mn ratio using
this method. Spray pyrolysis is a very promising method due to its speed and ability
to scale up easily. It does however have a low yield, with samples often being produced
from only 30% of the targeted amount.
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The production of Silver doped Lanthanum Manganite has also been performed in
several different ways. Groups such as Ke et al. [68] have shown the Sol-Gel method
to be a viable method of synthesis for low concentrations of Ag. However if the doping
level exceeds 5%, the pure Silver phase will become present. It was also seen that large
amounts of Silver are lost in the process, with a targeted 50% doped sample reducing
to just 10% Ag after annealing of the sample.

Melnikov et.al [8] produced Silver doped Lanthanum Manganite nanoparticles using
four different methods. Firstly, a simplified method of the molten salt synthesis was
used, where La, Ag and Mn Nitrates were mixed with NH4 NO3 and heated up to
the melting point. NH4 NO3 was decomposed and the resulting solid powder was annealed at 700◦ C. It could be argued that this method was unsuccessful as the XRD
plot showed Manganese Oxide still present in the material. The second method used
was paper synthesis. Ash-free paper was soaked with water solution of La, Ag and
Mn Nitrate and dried at 120◦ C. The paper was then burned and the resulting ash
was annealed at 600◦ C for 30 minutes then pressed into pellets. A second, but more
Silver rich sample was produced the same way and was used to cover the pellets to
reduce Silver loss. This was all annealed at 800◦ C for 20 hours. This method was very
successful in producing high purity Lanthanum Manganite nanoparticles doped with
Silver. Synthesis in nano-reactors was also attempted, however it was not entirely
successful with many impurity phases being present after the final annealing. Thus
this seems not to be a viable method of synthesis of Lanthanum Manganite doped
with Silver and further explanation of the synthesis method is unnecessary here. The
fourth and final method was spray pyrolysis. This produced samples with the highest
purity of single phase and, with other groups like Markelova et al. [69] also employing
this method to produce their pure samples, it seems to be the most viable method of
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producing Silver doped Lanthanum Manganite.

3.2 Magnetic Characterisation
One of the most promising characteristics of the Oxygen rich phase of Lanthanum
Manganite nanoparticles was the difference in its magnetic phase to its stoichiometric
counterpart. Instead of having an A-type antiferromagnetic (The intra-plane coupling
is ferromagnetic while inter-plane coupling is antiferromagnetic) phase present in the
orthorhombic stoichiometric phase, the Oxygen rich phase exhibits a long-range ferromagnetic order below the Curie temperature [6].

Groups such as Sidorenko et al. and Moussa et.al [70, 71] showed stoichiometric bulk
LaMnO3 exhibits an antiferromagnetic phase below a Néel temperature of 139.5K.
Oxygen rich LaMnO3.03 however has been shown by Ghosh et.al [6] to move into
a ferromagnetic phase below a Curie temperature (TC ) of 120K. It should also be
mentioned that the saturation moment of Oxygen rich LaMnO3+δ has been shown to
be larger than its stoichiometric counterpart at temperatures below 10K [6]. Similarly, Oxygen deficient LaMnO2.92 was shown by Hauback et.al [72] to have a higher
ferromagnetic to paramagnetic phase transition temperature than its stoichiometric
counterpart, with TC being reported as 248K ± 10K. However, lower Oxygen content
materials (LaMnO2.88 , LaMnO2.82 ) also produced by Hauback et.al were shown to
have an antiferromagnetic to paramagnetic transition at a Néel temperature of 143K,
similar to the stoichiometric materials value of 140K. This is interesting as it seems
that a very specific range of Oxygen content in LaMnO3 is required to obtain the
ferromagnetic phase.
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The magnetic field dependence on the nanoparticle size of the Oxygen rich phase has
been covered well by Markovich et al. and Chandra et al. [73]. This has been done
by showing the magnetic moment will increase with increasing particle size to around
30nm diameter where the moment is 93% of the bulk material. This result was a
strong indication that the material has a non-magnetic surface [60] as it shows an increase in magnetic moment with increasing volume to surface ratio. This is supported
by neutron diffraction studies which have been presented on bulk [9] and nanoparticle
LaMnO3 [74] as well as LaMnO3+δ [6,19,74]. These results are further elaborated upon
in section 3.4. As it is often very hard to produce nanoparticles smaller than 30nm
these results are very impressive and a useful resource from which to draw comparisons.

Another variable that has been observed to influence the magnetic properties in this
group of materials is doping – that is, via exchange of La with other ions. Doping of
the Oxygen rich phase of Lanthanum Manganite nanoparticles and bulk material is
a large area of research, with many elements such as Sr [75, 76], Pb [77], Ca [78] and
Au [77] being used to alter desired characteristics of the un-doped compound. Doping
with Co is also an exciting prospect as Viswanathan et al. [79] showed that when
it was present in the material there was a shift of Curie temperature when comparing the monoclinic and undoped rhombohedral phases produced by their group [79].
Viswanathan et al. used Raman spectroscopy and neutron diffraction to show that
this change is dependent on the B-site ordering and that spin-phonon coupling was
present around the Curie temperature in both phases.

Another such dopant of interest is Silver which replaces the Lanthanum in the lattice. La(1−x) Agx MnO3 shows a great deal of promise for many applications due to
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the ability to control the Curie temperature with Silver content [8, 80–83]. Ke et al.
and Gamzatov et al. have shown the ability to increase the Curie temperature in the
bulk material [68, 83] by increasing the amount of Silver dopant, attaining a Curie
temperature of 287K with 20% doped material. Groups like Melnikov et al. have
shown that increasing the content of Silver in the nanoparticles also increases the
Curie temperature [8,69,84], up to a maximum Silver doping concentration of 20% [8].
Markelova et al.’s [69] 10% Silver doped samples showed Curie temperatures of 314K
and Melnikov et al.’s [8] 20% Silver doped material gave a Curie temperature of 320K.
These Curie temperatures are notably higher than the bulk Silver doped Lanthanum
Manganite. This implies that the magnetic properties of these materials may be more
strongly influenced by the addition of dopants rather than by change of the particle
size, with particular regard to the change in Curie temperature. It has been proposed by Melnikov et.al that this interesting controllability of the Curie temperature
makes La(1−x) Agx MnO3 nanoparticles suitable candidates for hyperthermic treatment
of cancer cells [85]. The mechanism that drives this change in Curie temperature is
still unknown but again was one of the key components of Lanthanum Manganite and
Silver doped Lanthanum Manganite nanoparticles that this research project attempts
to explore. As it acts in a similar manner to Cobalt doped LaMnO3 , this mechanism
may also be a spin-phonon interaction [79].

3.3 Structural Characterisation
Structural characterisation of LaMnO3 and doped LaMnO3 is not an area that at this
point warrants further research. It is however still a critical step in any production
of a material. The work of other groups serves to show what structural phase to
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expect when producing LaMnO3 and what purity is attainable. Previously, it was
mentioned that Lanthanum Manganite is commonly produced in two different phases.
The Oxygen rich LaMnO3+δ which has a rhombohedral structure and the stoichiometric LaMnO3 which has an orthorhombic structure. The Oxygen rich phase can
also be achieved by heating the stoichiometric phase up to the Jahn-Teller transition
temperature. Various research groups have done large amounts of work in defining
this structural difference and the forces that cause this transition. When doping the
material with elements such as Silver [8,69,84],Sr [75,76], Pb [77], Ca [78] and Au [77]
Lanthanum Manganite is seen to transition to the rhombohedral phase.

When transitioning phases, the Janh-Teller distortion (a geometrical distortion to remove spatial degeneracy in the electronic ground state) is characterised by a rotation
about the trigonal (111) axis of the perovskite cube, resulting in rhombohedral symmetry. This rotation is caused by the oxidation of Mn3+ to Mn4+ ions reducing the
energy of the system. LaMnO3 contains only Mn3+ but when the extra Oxygen is
added to the system it takes another electron from the Mn3+ ions and converts them
to Mn4+ . This does not happen for every Mn3+ ion, usually only a small ratio, thus
the material will have a mixed valence state. It has been shown that when the concentration of Mn4+ is above 21% (LaMnO3.105 )the distortion will occur [86].
The Jahn-Teller (JT) distortion itself has been the focus of much research, as to explain the mechanism that drives it could help explain why it has such a dramatic
effect on the magnetic phase of Lanthanum Manganite. In this vein, the Jahn-Teller
distortion was explored with theoretical calculations by Pavarini et al. [87]. Their
work showed that the Kugelo-Khomskii (coupling of spin and orbital degrees of freedom) [40] mechanism alone cannot account for the presence of Jahn-Teller distortions
above 550K. Their work also determined that electron-phonon coupling is a crucial
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ingredient and an interesting result as other groups such as Melnikov et al. [8] and
Viswanathan et al. [79] have suggested such an interaction may be the cause of the
change in Curie temperature when doping Lanthanum Manganite with Silver. Some
of the most comprehensive work on the structural changes with temperature was done
by Ghosh et al. [6]. Coupled with thorough neutron diffraction experiments, Ghosh et
al. completed X-ray diffraction scans on both bulk and nano LaMnO3+δ from 300K to
800K. Results showed that while the nanoparticles underwent a phase change between
these temperatures, the bulk samples would transition from their orthorhombic phase
to the rhombohedral phase at the Jahn-Teller transition temperature, around 750K.
While these are expected results, the comprehensive nature of the study (using both
neutron and X-ray diffraction over a large range of temperatures) is what distinguishes
the work of Ghosh et.al [6].

3.4 Neutron Diffraction
Neutron diffraction on LaMnO3 and La1−x Agx MnO3 has been utilised primarily for
structural refinement of LaMnO3 ’s crystal structure. These refinements include investigating changes in crystal structure at various temperatures and the investigation of
the magnetic phases of the material [71, 72] and crystalline deformations [19] .

Ghosh et al.’s [6] work is extensive for both the bulk and nanoparticle LaMnO3+δ . Neutron diffraction measurements were performed on the nanoparticles over a temperature
range of 25K-800K and a Q range of 1.17 - 3.36 Å−1 . A ferromagnetic enhancement
was observed on the (101) and (111) peaks. Ritter et al.’s [74] work was some of
the more comprehensive neutron diffraction done on Lanthanum Manganite bulk and
involved a number of samples, each with different Oxygen concentrations. Diffraction
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scans were conducted over a Q range of 0.1 - 3.2Å−1 at temperatures ranging from 1.5K
to 310K. Their results show an antiferromagnetic peak at (001) in the LaMnO3 phase
that is not present in the LaMnO3+δ phase. Again, Ritter et al.’s work shows changes
in the (110) peak intensities that are consistent with a ferromagnetic phase. These
results thus confirm the ferromagnetic order in the nanoparticle Oxygen-rich phase
as well as highlighting the transition temperatures and location of the contributing
ferromagnetic ions.

As described previously, structural changes have also been thoroughly explained.
Wdowick et al. [9] for example, investigated the phase transition at the Jahn-Teller
(TJT ) transition at 750K. Using high resolution neutron powder diffraction, it was seen
that the b lattice constant decreased continuously with temperature and subsequently
contracted at TJT while the c lattice constant grew and expanded at TJT . This, coupled with the lattice parameter not changing much at all, resulted in change from
orthorhombic to a nearly cubic crystalline structure and a 0.36% volume contraction.
Similar to Wdowick et.al’s work, Ghosh et.al [6] used neutron diffraction to examine
the change of structure of LaMnO3+δ (δ = 0.03) with change of particle size. They were
able to show that with particles of crystalline size reduced to 40nm, the orthorhombic
structure would be suppressed and only a rhombohedral structure would be present for
temperatures above 175K. This is found to be due to the suppression of the cooperative
Jahn-Teller transition. In turn, this is believed to be caused by local structural disorder involving an increase in octahedral orientational disorder [6].This is illustrated in
figure 3.2 as well as a comprehensive temperature dependent measurement performed
between 25K to 475K. This data showed the evolution of the ferromagnetic peak at
2θ =40◦ . This data is particularly interesting as it shows even the lowest amount of
excess Oxygen will dramatically affect the magnetism and structure of Lanthanum
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Manganite.

Figure 3.2: Neutron Diffraction Data of Ghosh et al. shows the disappearance of the
cubic lattice peak at temperatures around 175K for nano sized particles. [6]

Structural defects caused by varying ratios of La/Mn (1:1, 1:0.9 and 0.91:1) has been
investigated by Wolcyrz et al. [19] using neutron diffraction. Wolcyrz et al.’s work focused on the location of the Mn-ions (both Mn3+ and Mn4+ ) and their valence factor.
Because of this, they were able to reveal a trend showing that an increase of Mn4+ ions
causes a decrease of the Curie temperature. It should be noted however that Wolcyrz
et al. [19] stated that ”the reliability factors of different distribution models used on
their experimental data showed only slight changes and made it impossible to choose
an appropriate one for each La/Mn ratio”. They believed this to be due to the excess
ion concentration being too small to seriously affect the intensity of neutron diffraction
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features. Chukalkin et al. [88] studied effects caused by fast-neutron irradiation. Their
group showed the stoichiometric samples magnetic phase would be drastically affected
by these deformations and transition into a ferromagnetic phase. This is an interesting
result that could be utilised to produce ferromagnetic LaMnO3 without excess Oxygen.

Neutron diffraction measurements by Teplykh et al. on La(1−x) Agx MnO3 nanoparticles taken at 4.2K over a Q-range of 0.90 – 3.96 Å−1 show an increase in Bragg-peak
intensity with particle size [84]. This change was attributed primarily to the increase
in volume density of the samples. However, since the intensity gain of the Bragg-peaks
was most pronounced at low Q, these results also imply that some of the additional
intensity may be magnetic and that the nuclear and magnetic unit cells coincide within
the ferromagnetic phase. Yu et al. [4] performed similar experiments on a range of
temperatures (10, 293 and 373K) with a Q range of 2.62 -7.85Å−1 on the bulk Silver
doped Lanthanum Manganite. They report the change in intensity of several peaks,
specifically mentioning the (211) and (110) peaks, attributing them to ferromagnetic
ordering below the Curie temperature.

While neutron diffraction work on LaMnO3 nanoparticles is largely complete, the picture for Silver doped samples is not. Further work with neutrons is warranted, as
only select Silver concentrations and temperatures have been completed and neutrons
are a powerful tool used to reveal details of the structural and magnetic properties of
materials including excitations.
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3.5 Inelastic Neutron Scattering (INS)
No INS work could be found on Lanthanum Manganite nanoparticles. Some work
has been completed on various doped Lanthanum Manganite compounds and a lot
has been completed on the stoichiometric bulk samples. Similar theoretical work on
Lanthanum Manganite nanoparticles was not found, however extensive work has been
completed on the bulk material. Thus, this section will highlight the work completed
on the bulk and expected comparisons to the bulk material.

Densities of states calculations and experiments have been completed on the stoichiometric bulk material, with groups like Wdowik et al. [7] completing both themselves.
Wdowik et.al’s group performed high temperature (625-875 K) scans ( up to 100 meV
energy transfer) which showed broadening of lines and a decrease in intensity with
increasing temperature of the peaks found above 56 meV (Figure 3.3). These observations are particularly evident after the Jahn-Teller transition temperature (750K).
Wdowick et al. cite the possibility of some short-range orbital order still existing in
the high-temperature Oxygen rich phase, in the form of randomly distributed and spatially fluctuating residual distortions of the Oxygen octahedral after going through the
Jahn-Teller transition [7]. This work is of great interest as the material produced for
the current research project is an Oxygen rich phase that has the same rhombohedral
crystalline structure as the LaMnO3 after it undergoes a Jahn-Teller transition. That
is, at room temperature, the nanoparticles produced for this research project are expected to perform similarly to this material above 750K. Thus it can be assumed that
these properties are expected to be observed around human body-temperatures. These
neutron scattering experiments performed on the time-of-flight neutron spectrometer
IN6 at the Institute Laue-Langevin in Grenoble are the closest thing to neutron exper-
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iments performed in this project on TAIPAN and PELICAN at ANSTO. This made
the work of Wdowik et al. [7] the key to explaining the results of these experiments.

Figure 3.3: Density of state experimental data produced by Wdowik et.al [7] on the
stoichiometric LaMnO3 bulk material. The green and blue data sets have begun to
undergo the Jahn-Teller transition and show broadening of the peaks. Arrows indicate
Peaks observed on TAIPAN and PELICAN

Wdowik et al.’s comprehensive theoretical calculations of not only the entire LaMnO3
system, but also its individual components, (La, Mn O1 and O2 ) confirmed the broadening of the peaks in the density of states is caused by Oxygen positions. The theoretical work of Nikiforov et al. and Rini et al. [89, 90] align well with these results.
Similarly Piskunov et al. carried out theoretical calculations on Strontium doped Lanthanum Manganite (La0.875 Sr0.125 MnO3 ) and undoped LaMnO3 . For both compounds
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the density of states for each individual atom in the compound (La, Sr, Mn, O) was
also calculated. Results showed dramatic changes due to the doping of the Sr with
several peaks disappearing or reducing in intensity in the doped compound [91]. These
results highlight well the changes this research group expected to observe in experimental work which focuses on the role of the dopant.
Interesting work has been completed by Shi et al. [92] on stoichiometric LaMnO3 and
the difference of density of states after the (010) plane has adsorbed a CO molecule.
Their work gives insight into how the CO molecule is adsorbed by the Mn site and
claims Lanthanum Manganite may be a viable material for gas-sensing technology [92].
Density of state (DOS) calculations between (0-87 meV) have also been completed on
several different doping compounds by Tality et al. [93, 94] including Ba, Sr and Pb
on bulk scale LaMnO3 . These show distinct differences in DOS between different
doping materials, as well as highlighting the difference in DOS of the stoichiometric
rhombohedral compared to the stoichiometric cubic phase. This difference in phase
and dopant element show the differences to be expected from the Oxygen rich phase
Lanthanum Manganite and Silver doped Lanthanum Manganite investigated in this
research project.
A more commonly used dopant is Ca as it causes the material to become a colossal
magneto resistant Manganite [95]. By examining the phonon band structure, Zhang et
al. [95] observed that the Jahn-Teller stretching phonons along the Mn-O-Mn bonding
direction shows dampening when approaching the Curie temperature and collapses
above it, citing that this may be caused by a short range polaron (Spin-Phonon interaction) or charge/orbital ordering. This aligns well with the belief that a spin-phonon
interaction may be present in doped LaMnO3 and it may well not be dopant dependent.
The previous work of these research groups shows how uniquely different the phonon
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dynamics can be with any characteristic change of Lanthanum Manganite. As previously mentioned, few if any neutron scattering experiments have been completed to
date on Lanthanum Manganite nanoparticles or Silver doped Lanthanum Manganite
nanoparticles. These gaps in research have been addressed in this research project as
it was believed it would give great insight into the change in Curie temperature caused
by Silver doping.
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Chapter 4
Methods

4.1 Synthesis
Two methods of synthesis were used throughout the course of this project. Firstly, the
citrate method was used primarily as a proof of concept and because it is simple, quick
and has relatively no waste. The citrate method is a simple method where precursors
are mixed together with a complexing agent (citric acid), then the resulting solution
is stirred and boiled down to a solid material (Illustrated in figure 3.1). The resulting
material then undergoes further annealing to create crystalline nanoparticles. It is
very similar to the more commonly used Sol-Gel method. The only difference is the
complexing agent and thus the resulting material after boiling.

In this project, the precursors used were Lanthanum Oxide (La2 O3 , 99.9% purity),
Manganese Nitrate (M n(N O3 )2 .xH2 O, 97.0% purity) and Silver Nitrate
(Ag(N O3 )2 .xH2 O 99.0% purity). These were mixed in ratios designed to give the desired doping concentration of Silver. Thus, an undoped 1:2 molar ratio of Lanthanum
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Oxide to Manganese Nitrate was used, as an example, the ratio for 1% Silver doped
was 0.99:2:0.01 for La2 O3 : M n(N O3 )2 .xH2 O: Ag(N O3 )2 .xH2 O. After the first doped
material was produced, it was observed that 50% of Silver was lost in the production
of the nanoparticles and therefore in further production, double the desired amount
of Silver was used.

The second production method used was spray pyrolysis. This method was chosen
due to its consistency and ability to easily produce large amounts of material. It does
have a significant drawback where approximately 60% of material will be lost in the
production and therefore the method becomes expensive and this loss must be taken
into account (e.g. three times the amount of precursors used) in the preparation. The
same precursor materials were used in this method and again stoichiometric amounts
of precursor were mixed together in solution (leaving out the citric acid as it is not
needed for spray pyrolysis). Care was taken to account for the loss of Silver that
was again expected in this synthesis method. The resulting solution is stirred and
sprayed into a vertical tube furnace (figure 4.1) that it was kept at 900◦ C. The resulting nanoparticles are pulled out with an extraction pump and are already crystalline
however as increased crystallinity was required, the material (several days after synthesis) was placed in a tube furnace and annealed at 800◦ C for 4 hours.
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Figure 4.1: Visualisation of the spray pyrolysis synthesis method. For all production
T1 = T2 = T3

4.2 SEM, EDS and TEM
Scanning Electron Microscopy and Energy - Dispersive X-ray Spectroscopy were performed on a JEOL JSM-7500FA. Imaging was done with an accelerating voltage of
10kV and magnification ranged from 20 times to 20,000 times. EDS was performed
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with an accelerating voltage of 30kV on multiple rectangular sample spaces to provide
more reliable statistics in the results.
A simple method was used to prepare samples. SEM and EDS samples are mounted
onto a sample holder specific to their sample type. In the case of nanoparticles, this
is a standard Aluminium puck with carbon tape applied to attach the nanoparticles.
Carbon tape was chosen as it is conductive and will disperse charge from the sample.
A JEOL JEM-ARM 200f was used for Transmission Electron Microscopy and highresolution EDS. An accelerating voltage of 200kV was used with a resolution of up to
0.08 nm to obtain very high-resolution images. EDS was conducted on single particles
to show the location of each individual element within the nanoparticles.
Sample preparation for TEM is also simple. First the nanoparticles are separated by
crushing and sonicating in the nanoparticles’ ethanol to break up the conglomerates.
The resulting solution was added drop by drop onto a holey carbon grid. This results
in a surface covered by what is basically an invisible layer of nano particles attached
to it.

4.3 TAIPAN: The Thermal Spectrometer
The thermal spectrometer, TAIPAN, at ACNS at ANSTO was used for two different
experiments. The first of which was to obtain a density of states spectrum by employing the Beryllium filter spectrometer. Measurements were performed to determine
the energy range required to properly observe a spin-phonon interaction using other
techniques such as Time of Flight. Secondly, S2 diffraction scans were completed to
more thoroughly observe the changes in LaMnO3 and La0.9 Ag0.1 MnO3 ’s diffraction
patterns with temperature and thus magnetic phase change. This was done by setting
both the monochromator and analyser to a wavelength of 2.345 Å, so purely elastic
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scattering could be observed and thereby minimise the background scattering. Tight
collimation of Open-40’-40’-Open (40’ indicates the degree of the arc over the length of
the collimator) coupled with a PG (Pyrolytic Graphite)-filter was used to optimise the
resolution and reduce higher order scattering respectively. In the same experiment,
fixed-Q inelastic neutron scattering was completed to observe a dependency in phonon
energy with Silver content of the nanoparticles. This was performed at Q values of
-20◦ and -50◦ so as to observe energy loss at low and high Q values. The reason for
doing this is that magnetic properties will influence the energy loss at high Q values
and it provides the ability to distinguish between magnetic excitations and peaks due
to structural vibrations (e.g. optical or acoustic phonons that have been influenced by
temperature.)

4.4 Crystalline Parameters
Crystalline parameters are calculated from XRD using Rietveld refinement. This is
where the least-squares refinements are carried out until the best fit is obtained. The
process takes into account the observed powder diffraction pattern and the calculated
pattern based on the crystal structure, instrument parameters and specimen characteristics [96]. This can be done by several different programs, however in the case of
this project, MAUD was used [97].

4.5 Physical Properties Measurement System
A 9 Tesla quantum design Physical Properties Measurements System (PPMS) was
used for all magnetic measurements throughout the course of this project, using the
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Vibrating Sample Magnetometer (VSM) option. The instrument’s configuration allows
for ability to resolve magnetisation changes of less than 10−6 emu (JT−1 ), making it an
excellent option for not only producing magnetic hysteresis but also Field Cooling and
Zero field cooling measurements. Samples were weighed and placed in secure plastic
sample holders so as to avoid loss of sample into the instrument and/or contamination.
Temperature dependent measurements were carried out using the Zero Field Cooled
Process (Cooling from above the Curie temperature with no field then measuring the
moment with a small field applied as the sample is heated) at 1K a minute from
10K to 350K. The 1K graduations were used to accurately acquire data that could
be used to observe the magnetic phase of the material and the temperature at which
the transitions occur. Hysteresis loops were measured at both 10K and 300K between
30000 Oe and -30000 Oe at a rate of 100 Oe a minute. These temperatures were
chosen as they are the industry standard but also exist either side of the magnetic
phase transition for the pure sample. The magnetic hysteresis measurements were
completed to obtain the saturation magnetic moment of the material.

4.6 Time of Flight Instrument: PELICAN
Inelastic neutron scattering was measured on PELICAN, using the crystal monochromator time-of-flight spectrometer [4] at ANSTO. Neutrons with wavelength 4.75 Å
were used which afforded a resolution of 0.135 MeV at the elastic line. Nanoparticle samples of the pure and 10% Ag-doped materials were mounted within annular
Al cans. These cans were chosen to reduce multiple scatterings as certain elements
(in particular Silver) have high absorption cross sections (Calculated using NIST
web page: https://www.ncnr.nist.gov/instruments/bt1/neutron.html) and a cylindrical can would have poor statistics. This is because a sample that is too thick will
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absorb rather than scatter the neutrons, so a very weak signal that would be hard
to interpret would be observed. Measurements were collected over 12 hours at 1.5K,
100K and 300K with the shorter scans performed while cooling and warming. In all
cases, the data was corrected by subtracting empty can scans and normalising to a
vanadium standard before being transformed to S(Q,ω). All data manipulations were
carried out using the Large Array Manipulation Program (LAMP) [98].

4.7 ECHIDNA
Neutron diffraction was completed on ANSTO’s High-Resolution Powder Diffractometer ECHIDNA. ECHIDNA utilised neutron diffraction and it is this coherent scattering
(Neutron diffraction) that gives the Bragg peaks required for determining crystalline
parameters. The mail in service was utilised for this experiment, which allowed us
to send in 4 samples to the ACNS, the undoped, 2.5%, 5% and 10% doped were all
delivered to ANSTO. Scans were completed in a timely manner due to the ability
to load multiple samples into the ECHIDNA at once. This is because ECHIDNA
uses a robotic sample changer that allows for the loading of up to 100 samples into
ECHIDNA that will be then set individually into a vacuum chamber for measurement [99]. The robot can be programmed to run all samples that have been loaded
into ECHIDNA making it a fantastic option for taking measurements across multiple
samples. Measurements were completed at 4K and 300K. These two temperatures are
standard for the mail in service but still allow observation of change in characteristics
due to temperature.
Analysis of ECHIDNA’s diffraction data was performed on GSAS II. Using Rietveld
refinement in GSAS II [100] fittings allows one to obtain crystalline parameters and
crystal cell volume.
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4.8 XPS
All sample preparation and experimental work XPS was conducted by Prof. Dong
Shi at ISEM. The 5% and 10% were both given to Prof. Dong Shi for measurement.
Analysis of XPS data was completed using the program Casa XPS [100]. Fittings of
5

3

the 3d 2 and 3d 2 Ag peaks were compared in Casa XPS to observe the ratio of spins
present.
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Chapter 5
Results and Discussion

5.1 Synthesis
As previously mentioned, two synthesis methods were used throughout the duration
of this project. Results from the citrate method were a great proof of concept and
gave enough results to continue the project, however there were several problems with
this synthesis method. Producing undoped LaMnO3 was a great success with the pure
phase achieved straight away. It was even seen that controlling annealing conditions
allowed for different Oxygen stoichiometry. Figure 5.1 shows one of the first XRD
patterns from an early sample of nanoparticles produced by the citrate method.
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Figure 5.1: XRD of the Oxygen rich phase of Lanthanum Manganite nanoparticles
produced by citrate method and annealed in air at 800◦ C for 3 hours.

As shown, there are no additional peaks outside of the Rhombohedral R-3C ,LaMnO3+δ ,
phase. These peaks all matched the Tracer’s card 50-0298 which has an excess Oxygen content of δ =0.15. By annealing in an inert atmospheric environment (Argon), it
was possible to produce the stoichiometric phase LaMnO3 (5.2). This was due to the
sample not being able to absorb extra Oxygen from the surrounding environment and
thus preventing the Jahn-Teller distortion. However, as it is well documented in the
literature [6] and observed in this research project, the stoichiometrically pure phase
has a lower magnetic moment than the Oxygen rich phase. As both a simple synthesis
method and a high magnetic moment in the ferromagnetic phase were desired, the
stoichiometric phase was not optimised.
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Figure 5.2: XRD of the stoichiometric phase of Lanthanum Manganite nanoparticles
produced by citrate method and annealed in Argon at 800◦ C for 3 hours.

Figure 5.3: A comparison of Figures 5.2 a) and 5.1 b) to the work completed by
Melnikov et al. [8]

5.3 a) illustrates the a comparison of the Oxygen rich phases annealed in air and Argon. Figure 5.3 b) is included so that comparisons to the litrature can be drawn.

The next step was to attempt Silver doping of the material. A low concentration
was initially selected in the hope that it would have a higher chance of success. Doping with stoichiometric 1% Silver formed a homogeneous sample, but as previously
mentioned, there was significant Silver loss seen by the EDS which resulted in a measured doping level of 0.5% Ag doped. From this point, synthesis attempts were focused
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on attaining higher Silver content in the nanoparticles. Silver doped Lanthanum Manganite nanoparticles were produced with doping concentrations of 0.5%, 1% and 2.5%.
Several attempts were made at 5% Silver doped, however these were unsuccessful.
Even when changing parameters such as annealing time or boiling time there was always still a Silver metal phase left in the material (figure 5.4).

Figure 5.4: XRD of 5% Silver doped Lanthanum Manganite nanoparticles, the peak
at 2θ=38◦ is caused by the pure Silver phase.

Due to this limitation and the need for larger quantities of material for scattering
experiments, spray pyrolysis was tested as an alternative method of synthesis. Spray
pyrolysis is easily scaled up and allows for a higher concentration of Silver dopant. It
is however, not without its drawbacks. It was seen that not only half of the Silver
calculated for was lost, but 66% of the overall material was lost in the process. This is
due to the produced material sticking to the sides of the tube furnace and extraction
pipes. These problems are easily overcome by aiming for 3 times the amount of
material needed, making this method expensive but reliable, and all further testing
was done on material produced by this method. Samples of desired concentrations
of 2.5%, 5%, 7.5% and 10% as well as new undoped material were produced with
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homogeneous phase (figure 5.5). After spray pyrolysis was completed, the samples
were annealed to increase crystallinity. Figure 5.6 shows the effect of sample annealing
on the morphology of the samples. The 7.5% sample was not further investigated as
crystallinity was still poor after annealing. Particle size was measured in the program
Tracers [101] using the equation 5.1.

Crystalline Size (nm) =

Kλ
βcosθ

(5.1)

Where K and β are known constants of the instruments, λ is the wave length on the
instrument in nm and θ is the angle.
When measurements were taken around the peak found at 2θ = 46◦ the results showed
that the crystal sizes were uniform across the doping concentrations, with all samples
giving approximately 70nm as the crystalline size. This value can be a used as a great
approximation of particle size as nanoparticles are considered to be single crystal.

Figure 5.5: X-Ray diffraction patterns taken at 300K show no peaks outside of those
of a pure LaMnO3+δ phase for all doping concentrations (a) undoped, b) 2.5%, c) 5%
and d) 10%. Each data set has been offset for clarity.

Figure 5.6 shows a comparison of annealed and non-annealed samples produced by
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spray pyrolysis. Through annealing, not only is crystallinity increased, but particles
also become more defined.

(a)

(b)

Figure 5.6: TEM images of the annealed (b) and non-annealed (a) samples produced
by spray pyrolysis. A clear improvement in crystallinity was observed when annealing
the samples.

5.2 Crystalline Parameters
Every time a new sample was produced, XRD was always performed first to test the
purity of phase. While a multitude of XRD results were collected, only those shown
previously will be discussed. For those plots presented, further work involved calculating the crystalline parameters of the nanoparticles. Use of the program MAUD utilises
Rietveld refinement on the Bragg peaks and calculates the crystalline parameters. Table 5.1 shows these measured parameters.
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Sample

a Å

b Å

c Å

V Å3

Undoped

5.5096(2)

5.5096(2)

13.3575(8)

244.23(2)

2.5%

5.5102(2)

5.5102(2)

13.3576(10) 244.28(2)

5%

5.0903(2)

5.0903(2)

13.3562(8)

244.15(2)

10%

5.5035(2)

5.5035(2)

13.3581(8)

243.70(2)

Table 5.1: Rietveld refinement results of XRD data.

These results show a very limited change in crystalline parameters with doping concentration. In fact, changes this small may be due to small inconsistencies in the
synthesis method. These inconsistencies could come from the annealing oven having
a finite temperature gradient away from its centre, that could affect the temperature
at which the sample was annealed.
D-spacing was calculated using equation 5.2
4 (h2 + hk + k 2 ) l2
1
=
+ 2
d2
3
a2
c

(5.2)

when the (2,0,2) plane is used. Thus, the 2θ =40◦ peak from the XRD results (figure
5.4) from this plane give a d-spacing value of 0.2338 nm for the 10% doped sample.
This plane was selected as a comparison to the TEM results presented later.

5.3 EDS and SEM
Energy-dispersive X-ray spectroscopy (EDS) was performed on a JEOL 7500 SEM
with an accelerating voltage of 30kV. Results indicated the desired amounts of Silver
content were achieved as shown in table 5.2. These results, coupled with the previ-
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ously shown XRD results, were satisfactory evidence that the produced Silver doped
Lanthanum Manganite was single phase and contained satisfactory amounts of Silver
dopant in the crystal structure.

Desired Concentration

EDS Results

2.5%

2.65%

5%

4.78%

10%

10.5%

Table 5.2: Concentrations of Silver content are remarkably close to the content that
was desired when synthesis was undertaken.

As previously mentioned, these results showed that to obtain the desired Silver concentration, double the amount of Silver Nitrate would have to be dissolved into the
solution. Why there was a loss of Silver and where it went was never discovered
throughout the course of this research project. One theory is that Silver is lost due
to sublimation during synthesis. It has been shown by Sivaramakrishnan et al. [102]
that nano scale Silver deposits on TiO2 surfaces will sublimate at temperatures as low
as 585◦ C. As both the synthesis temperature in spray pyrolysis and annealing temperature in citrate are above this, it may well be the case. This drawback found in
both synthesis methods does mean that if Silver doped LaMnO3 nanoparticles are to
become commercially viable, there will be an increase in cost of production due to the
Silver loss.
Scanning Electron Microscopy was performed on the same JEOL 7500 SEM. Images
taken using this technique gave some insight into particle size and shape. Along
with this, it showed that the spray pyrolysis synthesis method produced particle conglomerates that were hollow spheres (figure 5.7) as expected, this is common for this
particular synthesis method (spray pyrolysis).
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(a)

(b)

Figure 5.7: SEM images showed that spray pyrolysis synthesis resulted in hollow sphere
aggregates. a) and b) are both the undoped sample at different magnification.

While these spheres are interesting and make for good looking images, the size of these
spheres were in the micro scale, which is far too large for applications in cancer treat84

ment. However, it was seen that crushing with mortar and pestle and/or sonication
separated the particles effectively (figure5.9).

5.4 TEM
Transmission Electron Microscopy was completed on all samples to observe particle
size and shape more accurately. This was conducted on all samples produced by spray
pyrolysis. As shown in figure 5.8, particles have no uniform shape but instead seem to
be either rectangular or some form of polygon. Particle size taken from TEM images
shows sizes between 50nm-80nm, however the sample size was not sufficient for any
individual doping concentration sample size to be quantified by this characterisation
method. Thus, XRD results were more reliable and sizes quoted are taken from that
measurement method. This is because using tracers to measure particle size does not
require the large sample sizes required when calculating sizes from TEM images.

(a)

(b)

Figure 5.8: TEM images a) and b) of 10% Silver doped Lanthanum Manganite. Dark
spots were later shown to be Silver deposits.
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(a)

(b)

Figure 5.9: TEM images of a) 2.5% and b) 5% Silver doped Lanthanum Manganite.

High resolution images showed fringes corresponding the d-spacing of the material.
A measurement taken of the d-spacing (measuring 10 spacing in image and taking
an average) gave the value of d=0.266 nm. This value corresponded well to the value
calculated using the crystalline parameters taken from the XRD data when calculating
from the (2,0,2) plane.
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Figure 5.10: An example of the fringes observed at high resolution TEM.

An unexpected result of the TEM measurements was the discovery of Silver deposits
within the 10% doped samples 5.8. These deposits first appeared as dark spots in the
samples, further investigation with EDS showed these dark spots were indeed pure
Silver deposits that went undetected by XRD.
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(a)

(b)

Figure 5.11: EDS conducted on a single particle showed the dark spots were indeed
Silver deposits. a) shows the location of Silver in the particles. b) is the same location
without EDS imaging.

Using secondary electron imaging, we were able to show that the deposits were indeed within the samples and not just deposits on the surface of the nanoparticles.
Interestingly, there was no deformation in the fringes observed over these deposits
corresponding to no changes in the crystallinity of the sample as seen in figure 5.10.

(a)

(b)

Figure 5.12: a) Normal TEM imaging showed the darks spots were present. b) secondary electrons showed no Silver deposits on the same particle, thus the Silver deposits are inside the nanoparticles
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These deposits still remain a curiosity. It is believed their size was too small to be
picked up by XRD but their lack of influence on the crystal structure is unknown. If
they were simply an impurity phase they would cause influence on the crystal structure. In section 6.3 it will be shown that anomalies in magnetic moments may be due
to these Silver deposits. They may be affecting the Mn-Mn distances and/or disrupting the long range order of the magnetic phase causing a lower magnetic moment in
the 10% doped sample.

5.5 PPMS
PPMS results gave much insight into and clarification of the magnetism in these materials. First, a difference was observed in magnetic moment when comparing the two
synthesis methods. It was observed that material produced by spray pyrolysis had a
higher magnetic moment than nanoparticles produced by the citrate method (figure
5.13). This is most likely due to the increased crystallinity and consistency of particle
size found in the samples produce by spray pyrolysis.

89

Figure 5.13: Hysteresis measurements taken at 10K show an increase in moment from
the sample produced by spray pyrolysis.

Due to this, the spray pyrolysis method was considered more suitable for the project.
The second and more important result was the change in Curie temperature observed
with increased Silver content. All samples exhibited a magnetic transition from paramagnetic to a long range ferromagnetic order, however the temperature at which this
change happened was different for each sample. It was seen that with increasing Silver
doping concentration, the Curie temperature would also increase (figure 5.14). Curie
temperatures for each Silver doping concentration are shown in table 5.3.
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Silver Concentration

Curie Temperature(K)

Undoped

170K

2.5%

200K

5%

220K

10%

270K

Table 5.3: Curie temperatures taken form PPMS results showed an increase with Silver
content.

These temperatures are notably lower than the work presented by other research
groups [69, 85]. The cause of this is unknown, however one theory is that the annealing temperature used to produce samples in this research project was 100K lower than
these previous research groups, possibly causing the Silver deposits and the smaller
change in Curie temperature.
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Figure 5.14: Temperature dependant magnetic moment measurements of the four
samples produced by spray pyrolysis.

As shown in figure 5.14, there was also a change in magnitude of the Mn moment of
the sample. With increasing doping concentration there is an increase in magnetic
moment, apart from the 10% doped sample which showed a decreased moment. Figure 5.15 shows the magnetic hysteresis of the samples taken at 10K and 300K. Again,
an inconsistent change in magnetic moment is observed. The increases in magnetic
moment from the 10% compared to the other doped samples may be due to the Silver
deposits in the sample. XPS was conducted to investigate this phenomenon and is
discussed in the XPS results section.
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(a)

(b)

Figure 5.15: Magnetic hysteresis of all samples taken at 10K and 300K .

The changes in both Curie temperature and magnetic moment with Ag concentration
were pivotal results in this research project. While these results had already been
reported by Melnikov et al. [8], the question that had not been answered by Melnikov
et al. [8] was why the Curie temperature was changing. It is this question which this
research project aimed to solve.
As previously mentioned, Viswanathan et al. [79] cited a spin-phonon interaction causing a change in Curie temperature of their Co doped bulk Lanthanum Manganite. It
was believed that something similar could be present in the Silver doped samples and
neutron scattering experiments were planned to try to observe this.

5.6 XPS
One way to explore possible answers for why changes in magnetic moment and Curie
temperature were observed was XPS. XPS was used to measure the ratio of the Silver
spins 3d3/2 and 3d5/2 . XPS was conducted by Professor Dong Shi on two separate
samples in an attempt to understand the changes in the magnitude of magnetic moments and why it seems inconsistent with Silver doping concentration.

93

(a)

(b)

Figure 5.16: The fittings of the Silver peaks in the XPS data for the undoped Lanthanum Manganite sample.a) is 5% doped Silver and b) is 10% doped Silver.

XPS results for the ratio of Silver ions showed that there was no difference between
the 5% doped and 10% doped samples. Fittings of the Silver peaks present in the
XPS data showed no change (within a margin of error) in ratio of 3d3/2 to 3d5/2 peaks
(figure 5.4). With the 10% sample having the Silver deposits present and a lower magnetic moment than the other doped samples, it was hoped that XPS data would help
explain this change. However as there was no difference present (The 5% Silver sample
shows poor statistics. Whilst there is a change of approximately 1%, this would most
definitely be within the error of this measurement due to the statistics being very poor
for the 5% doped sample) this question is still left unanswered. The Silver deposits
found in the 10% doped samples will have to be eliminated if these nanoparticles are
to become viable candidates for hyperthermic treatments. For this material to be a
valid hyperthermic treatment candidate, the Curie temperature will need to be further
increased by increasing doping concentration. If this increase in Silver content causes
the Silver deposits to increase in size or number, the magnetic moment will continue
to decrease, possibly to a point which makes the nanoparticles unviable. It should be
noted that Tang et al. [81] did not cite this problem and it may only be present in the
samples produced for this research project.
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Silver Content

3d5/2 (%)

3d3/2 (%)

5%

60.6(2)

39.3(8)

10%

59.3(2)

40.6(8)

Table 5.4: Ratio of Silver spins present in the 5% and 10% doped samples

5.7

Neutron Diffraction on ECHIDNA

Neutron Diffraction data from ECHIDNA was acquired from ANSTO via their mail
in service. The undoped, 2.5% doped, 5% doped and 10% doped samples produced by
spray pyrolysis were measured. Figure 5.17 shows the ECHIDNA neutron diffraction
data plotted for each of the doped samples at 4K and 300K.
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(a)

(b)

Figure 5.17: Neutron diffraction measurements taken for all samples at a) 4K and b)
300K showing changes in peak intensity at 2θ values of 40◦ , 53◦ and 100◦ (corresponding to planes (1 1 0), (2 1 -5) and (1 0 -2)). Inserts show the difference in the peak at
2θ = 53◦ . Data has been offset in y-axis for clarity.
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The change in low scattering angle peak intensities is intrinsic of a ferromagnetic phase
being present in the sample. As an increase in intensity of the 40◦ , 53◦ and 110◦ ((1
1 0), (2 1 -5) and (1 0 -2)) peaks, it was observed that this is further proof that the
samples are ferromagnetic at 4K and paramagnetic at 300K, with the exception of the
10% doped sample which still exhibits a ferromagnetic phase at 300K.
Fittings of these results in GSAS-II gave accurate crystalline parameters and volumes
at both 300K and 4K. Results presented in table 3 show the changes in volume with
the temperature of the sample as well as volume changes due to doping concentration.

Sample

Temperature K

a Å

b Å

c Å

VÅ3

Undoped

4K

5.54480(5)

5.448(5)

13.159(1)

338.321

300K

5.493(5)

5.493(5)

13.309(1)

347.800

4K

5.549(1)

5.549(1)

13.309(1)

347.800

300k

5.549(1)

5.498(1)

13.329(1)

349.948

4K

5.482(5)

5.482(5)

13.316(5)

347.496

300K

5.500(5)

5.500(5)

13.351(1)

349.792

4K

5.481(5)

5.481(5)

13.314(5)

346.471

300K

5.493(5)

5.492(5)

13.349(5)

348.712

2.5%

5%

10%

Table 5.5: GSAS II refinement of ECHIDNA data

These results show a drastic difference in volume when any amount of Silver is doped
into the structure and a consistent increase in volume with increase of temperature.
The change in volume due to Silver content is somewhat inconsistent and the reason
for this has not yet been discovered, again the inconsistency being the 10% doped sample. As previously mentioned, the 10% doped sample has Silver deposits present. It
would make sense that these deposits affect the crystalline volume of the sample. The
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increase in volume due to temperature however, was expected as thermal expansion is
well documented in crystalline structures [38]

5.8 Neutron Scattering on PELICAN
It was considered that a spin-phonon interaction may be the cause of the shift in
Curie temperature. The consideration was that the doping of Silver (in particular
the replacement of the non-magnetic La ions with magnetism-inducing Ag ions) could
be causing this spin phonon interaction. This is similar to observations made by
Viswanathan et al. [79] on bulk LaMn0.5 Co0.5 O3 . Measurements were performed on
the Time of Flight instrument PELICAN to enable observation of spin waves and how
they change with temperatures above and below the Curie temperature. However, as
shown in figure 5.18, no inelastic scattering was observed outside the broadening of
the elastic line (both on the energy gain and energy loss sides) with increasing temperature. This may be due to no spin-waves and in turn no spin-phonon interaction, or
this may be due to the restricted energy scale of the energy loss of PELICAN not able
to observe this property of the material. The literature does show that higher energies
are required to observe optical phonon peaks and these two pieces of information were
the catalyst to begin another experiment on TAIPAN at ANSTO.
Figure 5.18 (and all PELICAN data) has had the empty can removed. It was then
normalised to Vanadium (Vanadium is an incoherent scatterer and scatters the same
everywhere) to remove anomalies due to detector efficiency in the position sensitive detectors. Finally, the data has been converted from detector number to the energy scale,
and then averaging over energy in a small range to yield improved statistics.
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Figure 5.18: Data collected on PELICAN and processed in LAMP of the 10% doped
sample at 10K.

As measurements were taken while heating up from 10K to 300K for both samples,
a comparison of the change in elastic broadening over temperature was made. For
each temperature, the data (figure 5.19) underwent a simple treatment. First, the
Bragg peaks were removed (by cutting out the channels that contained them) so that
they would not cause broadening of the elastic line in the results. Then the data was
summed in the wave vector direction to produce a single peak. Finally, this peak was
fitted with a Straight Fit function (similar to a very narrow gaussian) and a Lorentz
function (figure 5.20). These were chosen so that the pure elastic scattering is fitted
by the Straight Fit function and the Lorentz function would fit any broadening of the
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elastic peak. Thus, plotting the width of the Lorentz function versus the temperature
shows the broadening of the elastic peak. This information is useful as this broadening
is caused by the dynamics (phonons etc.) in the crystalline structure.

(a)

(b)

Figure 5.19: Examples of the data that was treated and fitted to observe the temperature dependence of the width of the elastic peak.

100

Figure 5.20: Example of a fitting used to obtain the width of an elastic peak produced
by integrating over Q. Samples have been individually normalised. Red lines are the
Straight Fit function, Green is the Lorentz function and Blue is the combined fit of
the data.

These fits were performed not only on the specific temperatures at which data was
collected for 12 hours, but also the data collected as the sample was warmed to room
temperature, with a data point every ∼10K. Figure 5.21 shows the width of the elastic
peak plotted against temperature for the 10% doped material and undoped material.
It was observed that the trend differed from undoped to 10% doped samples. The
undoped sample showed a steady increase in width from 10K to 150K where it begins
to plateau. The 10% doped sample, by comparison, shows very little increase until
150K where it increased a smaller amount than the undoped sample.
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Figure 5.21: Development of an elastic peak width over temperature.

It is also observed that in figure 5.21 for both the 10% doped sample and the undoped
sample, there is an increase in width leading up to the Curie temperature. This indicates that as the material transitions from ferromagnetic to paramagnetic, more quasi
elastic scattering occurs. This leads to the belief that it is possible that this scattering
is linked to the onset of the long range magnetic phase in this material.
Another useful characteristic that is obtainable from PELICAN data is the Density
of States (DOS). The DOS of two different samples or different temperatures can be
compared to observe the changes of energy states in a sample. This in turn can show
what energy scales are needed to observe the dynamics of said material. By using
the Generalised Density of States (GDOS) function in LAMP, the density of states
was produced from the 300K data for both samples. This temperature was chosen as
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lower temperatures (100K only showed contribution due to the empty can, as shown
in 5.22) would not provide great enough statistics to overcome the error bars, and
measurements taken as the sample was heating also had low statistics due to short
counting times.

Figure 5.22: Density of states taken at 100K for both 10% Silver doped and the Empty
Can. These were produced from PELICAN data.
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Figure 5.23: Density of states taken at 300K for both 10% Silver doped and undoped
material. These were produced from PELICAN data.

Figure 5.23 a) shows a broad hump over a very wide range of energies for both doped
and undoped. This is not typical for a density of a states image as usually more defined
peaks are found in a density of states. It shows that, for this material, phonons are not
able to propagate well and do not have well defined energies. Two more defined peaks
are present at 20 and 23 (meV) (the same positions as the peaks observed by Wdowick
et al. [9]) however the peaks are also in the same position as the peak produced by the
Aluminium can (figure 5.27), making it very difficult to determine if these peaks are
due to the sample or a remnant of the empty can. Of course, as previously mentioned,
the empty can was subtracted from the results. The cans however can have texture
differences possibly resulting in unexpected peaks. This was also observed later in the
data collected on TAIPAN (figure 5.28).
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Figure 5.24: Density of states image of the 10% doped sample the Aluminium can and
both can and sample combined. Arrows indicate the expected peak positions from
Wdowick et al.’s work [9] on bulk LaMnO3 at 725 K

The 100K data show a similar trend with the exception of the two sharper features
no longer being present. As the 100K measurements are right on the edge of being
usable, it is difficult to say whether these peaks are lost to temperature dependence
or to statistics. Further discussion of these results can be found in section 6.9.
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5.9 TAIPAN Experiments
Two experiments were conducted on ANSTO’s inelastic spectrometer TAIPAN. Firstly,
the Beryllium filter was used in an attempt to collect density of states data to compliment what was observed on PELICAN. The PELICAN observations used neutron
energy loss to show the energies required to observe the spin-phonon interaction. As
the Beryllium filter was very new, analysis methods for the data are still being developed. We are developing a robust and accurate method which removes empty can
data, normalises to monitor, splits raw detector count into λ and

λ
2

fractions, performs

the same for monitor counts and then renormalises raw counts for each wavelength.
The resulting data is then corrected for variations in energy resolution and finally
corrected for absorption variation with energy. At this point in time, the analysis
method is not complete, however results were completed with this method as it uses
neutron energy loss. Neutron energy loss provides higher resolution results and can
see features at low temperatures as the DOS does not need to be thermally populated,
unlike results yielded from neutron energy gain measurements.

106

Figure 5.25: 6K measurement of the doped 10% sample, the empty can and empty
can subtracted from the sample. Only few points were given the error bars, to provide
the information on the uncertainty of the experiment, yet not to obscure the plot by
many error bars.

After processing the data collected on the Beryllium filter, (figure 5.26 and 5.25) peaks
were indeed present. The three peaks observed match well with the work of Wdowick
et al. [9] (as indicated in figure 5.27). Again, they occur at the same positions as the
empty can (figure 5.25), however this analysis method leads to the belief that these
peaks are indeed due to the samples. This is because if the empty can is subtracted,
there must only be signal from the remaining sample. However, the results did not
show any phonon evolution with temperature or difference in sample due to doping,
this may indicate that any coherent scattering from the sample was weak. It was
assumed that the measurements would show some change in intensity when going
through the magnetic phase change, however this was not observed. This may be due
to energies of this scale having no interaction with the magnetic phase or there is no
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spin-phonon interaction.

(a)

(b)

Figure 5.26: Graphs produced on TAIPAN using the Beryllium filter measurements
were taken at three temperatures; a) shows the doped sample and b) shows the undoped sample. Only few points were given the error bars, to provide the information
on the uncertainty of the experiment, yet not to obscure the plot by many error bars.
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Data was also collected with increased mass of sample in the Aluminium can. Instead
of using the Aluminium annular can, the centre of the 25mm Aluminium can was filled
with the 10% doped sample. There was concern that the Aluminium can’s signal was
overcoming that of the sample for the annular can. This turned out to be untrue
as the data showed the same peaks but the measurements taken with more sample
inside the canisters did provide data with better statistics. This may be due to the
density of states being just a broad hump as was shown in the PELICAN data (figure
5.23). It should also be noted that increasing the width of the sample to 25mm may
induce multiple scatterings before detections. This may have affected the results in an
unknown way.
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Figure 5.27: Density of states produced with extra sample in the beam line. The
sample does not show new peaks or trends but instead has a large increase in statistics.
Only few points were given the error bars, to provide the information on the uncertainty
of the experiment, yet not to obscure the plot by many error bars.

The measurements taken on the Beryllium filter showed that phonon propagation is
possible in the material. They also showed that the peaks observed in the density of
states produced by PELICAN may well be due to the sample, they did not however
show any change in DOS with change in magnetic phase. Thus, further information
on the magnetism of Ag doped LaMnO3 had not been gained.

While these results were unexpected at first, they begin to make sense when compared
more closely with the work of Wdowick et al. [9]. As mentioned, the first two or three
features observed by Wdowick et al. were also observed in the measurements taken
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on PELICAN and TAIPAN. The Oxygen rich material of this research project has
undergone the Jahn-Teller distortion during synthesis. This makes it most comparable to the measurements done by Wdowik et al. above the Jahn-Teller transition
temperature (750K) [9]. Here they observed a broadening of the peaks and a decrease
in peak intensity trends, this is similar to results within this project. A broadening of
peaks and drop in intensity is usually tied to a lack of phonon propagation, although
in the case of the data taken from PELICAN, it could possibly be due to the poor
resolution from only measuring neutron energy gain.

Another contributing factor is the finite size of the nanoparticles (70nm diameters). It
is believed that this finite size does not allow for the proper propagation of phonons
at defined energies and thus does not allow discrete values. The contribution of both
the Jahn-Teller distortion and the finite size of the nanoparticles may be enough to
cause this broad hump instead of the defined values that Wdowik et.al [9] and others
have observed or calculated. [89, 90]
This lead to one final experiment.

The second experiment conducted on TAIPAN used the regular triple axis set up.
Again, these measurements were performed on the undoped and 10% doped samples
to see a difference between the doped and undoped nanoparticles. Fixed-Q energy
scans were completed to see differences in phonon energies and/or population in high
and low Q. This was because magnetic characteristics would be observed at low Q.
Measurements were performed at 8K and 310K. These temperatures were chosen so
that one is in the ferromagnetic phase with minimal thermal energy (8K) and one is in
the paramagnetic phase (310K). Figures 5.28 and 5.29 show examples of the plots produced. A scattering angle of -20◦ was chosen as the low Q value and -50◦ as the high.
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Similar to the measurements taken with the Beryllium filter, the Lanthanum Manganite nanoparticles seem to only increase the signal produced by the empty can (it is
believed that this in appearance only and that there was not an interaction between
the samples and the empty can) and yielded no changes in peak position. Another
possibility is that although again peaks from the sample could be in the same position.
It was observed in a limited number of measurements that a small change occurred
in peak width, however this occurred at low Q and seemed to have no temperature
dependence. It is believed that this was caused by texture in the sample holder rather
than any magnetic dynamics within the nanoparticles.
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(a)

(b)

Figure 5.28: 8K Fixed Q measurements completed on TAIPAN
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(a)

(b)

Figure 5.29: 300K Fixed Q measurements completed on TAIPAN.
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Along with these measurements, fixed energy Q scans were taken which yielded the
diffraction pattern produced by the sample. While this was already completed on
ECHIDNA and using XRD, TAIPAN allowed for energy analysis of the spectrum
to observe only elastic signal rather than diffraction from ECHIDNA. This was so
that only Bragg scattering with a clean background signal (unencumbered by the
phonon contribution) was observed, as opposed to ECHIDNA which would observe
this phonon contribution. Also, the sample environment which was used allowed for
more intermediate temperatures between 300K and 6K, giving us more complete data.
This showed the evolution of the Bragg peaks affected by the magnetic phase much
more clearly. Results of the full scans are shown in figure 5.30.
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(a)

(b)

Figure 5.30: S2 plots produced on TAIPAN a) shows all data collected on the 10% Ag
doped sample (some measurements were limited to the peaks of interest to save time).
Panel b) shows all of the data collected on the undoped sample.
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As shown more clearly in figure 5.32, there were clear changes in Bragg peak intensity
over the temperature range recorded. It was also clear that a difference in intensity
was observed between the undoped and doped samples, this was most evident at the
higher temperatures (>250K). This trend was more evidence to complement the work
done on ECHIDNA and solidified the proposal that these peaks were due to the ferromagnetic phase of the material. Again, no new peaks were present thus the material
has no antiferromagnetic phase in this temperature region.

Figure 5.31: S2 Plots of the peaks that most drasticaly showed the change in peak
intensity with temperature for the 10% doped sample.
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Figure 5.32: S2 Plots of the peaks that most drastically showed the change in peak
intensity with temperature for the undoped sample.

Area fittings of these peaks were completed in Origin and showed trends similar to
that of the magnetism data collected on the PPMS (figure 5.34). This similarity in
trend is great evidence to support the proposal that the change in peak intensities is
caused by the ferromagnetic phase of the material.
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Figure 5.33: An example of peaks used for fittings to give the trend in figure 5.34

Figure 5.34: Fittings showed a difference in trend for the area fittings of the Bragg
peaks.

The clarification of the magnetic ordering in the doped and undoped Lanthanum
Manganite nanoparticles is important if they are to be used for hyperthermic treatment
of cancer cells. This is particularly the case in magnetic ordering at the temperature
of the human body (310K). While these results do not show that doped or undoped
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Lanthanum Manganite nanoparticles are not ferromagnetic at this temperature, they
do show very clearly the evolution of the magnetic ordering and how effective Silver
doping is at changing the Curie temperature.
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Chapter 6
Conclusion and Future Work
Whilst the details of the pairing between Silver content and Curie temperature are still
unclear, this work has revealed new information about the dependence on synthesis
temperatures, crystalline structure and phonon propagation.
Silver doped and undoped Lanthanum Manganite nanoparticles were produced with
two separate synthesis methods, citrate and spray pyrolysis. Of the two, spray pyrolysis was found to be the most successful method. High purity samples of 2.5%,
5% and 10% Silver were consistently produced alongside the undoped material, these
results being confirmed by EDS. XRD results showed the purity of the samples to
be very high and crystalline size to be 70nm. These results coupled with SEM and
TEM images confirmed the nanoscale of the particles. XRD also confirmed that the
particles were in the Oxygen rich phase, having undergone the Jahn-Teller distortion
during synthesis.
Magnetic measurements conducted on a PPMS instrument produced data indicating
the expected ferromagnetic phase at low temperatures that would undergo a phase
transition to a paramagnetic phase at higher temperatures. The results, while showing that the 10% doped sample had a lower than expected magnitude of the magnetic
121

moment, did show an increase in Curie temperature with increasing doping concentration. However, the increase in Curie temperature is smaller (Possibly due to the
lower annealing temperatures used or the Silver deposits present) than that shown in
the work completed by previous groups [81].
EDS conducted during TEM measurements showed the presence of Silver deposits in
the 10% doped sample. These deposits are believed to be the cause of the decrease
in magnetic moment in the 10% doped sample, as outlined in section 5.2.3. This will
need to be combated if the material is to be used for hyperthermic treatment of cancer
as higher doping concentrations are required to give a Curie temperature above 310K.
If the Silver deposits increase in number or size with doping concentration, the magnetic moment may decrease to a magnitude that is no longer useful for hypothermia
treatment.
Crystalline refinements completed on both XRD data and neutron diffraction data
from ECHIDNA showed the expected increase in crystal cell volume from both temperature and Silver concentration. Again, the 10% sample was an exception to this
with the volume not being larger than that of the 5% sample. This was also attributed
to the Silver deposits present in the sample.
Neutron scattering was performed on both the time of flight instrument PELICAN and
the triple axis spectrometer TAIPAN at ANSTO. While no low energy spin waves were
observed in the PELICAN data, the density of states produced at 300K showed that
these samples may not allow the propagation of phonons due to their finite size and
the Jahn-Teller distortion. The density of states was also observed on TAIPAN using
the new Beryllium filter. Due to the greater resolution of the Beryllium filter, phonon
peaks were observed in this density of states. They did not, however, change with
temperature or sample and thus are believed to have no connection to the magnetic
phase of the material, and cannot be used to clarify the mechanism behind the change
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in Curie temperature. Finally, a second experiment was conducted on TAIPAN using
its standard triple axis configuration. It was expected that certain energy states would
change with temperature or doping concentration, showing some phonon evolution in
the sample. The results from this experiment showed no temperature evolution. Scattering angle scans at a wide range of temperatures did however, show the evolution of
Bragg peaks due to the ferromagnetic phase of the material.

If this material is to be implemented as a hyperthermic treatment, the next logical
step is to test the toxicity of the nanoparticles. This is currently being conducted
by a fellow researcher Abass Khochaiche. Abas has begun doing MTT analysis of the
undoped, 2.5%, 5% and 10% doped samples produced using spray pyrolysis. He is also
planning to irradiate the samples in an attempt to observe how viable the material
is for use in radiation treatment of cancer concurrent with hyperthermic treatment.
In conjunction with this, other dopants are being tested such as Barium. It is believed that this may be an even more promising material as it is naturally less toxic
than Silver and has been shown to also increase the Curie temperature [103]. Fellow
researcher, Alice O’Keefe has successfully produced Barium doped Lanthanum Manganite of concentration 5% and 10% and begun characterising the material.

To summarise, the original goal to further investigate the magnetic properties caused
by the Silver doping of LaMnO3 was a partial success. A definitive answer to what
causes the change in Curie temperature was not found, but a lot of information into
the effects of the finite size of the nanoparticles and Jahn-Teller distortion was gained.
The material’s prospects in hyperthermic treatment do not hinge on the understanding
of the magnetic characteristic of the material and thus these prospects have not been
negatively affected.
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